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During the period of this contract, 53 manuscripts (abstracts, reprints

and preprints attached) were published or aocepted for publication. 9

manuscripts have been published or submitted for publication in the last

period of this contract (uly 1, 1984 - February 15, 1985). Since the

manuscripts are attached, only a short description of the major scientific

progress is given here.

1. Progress in Quantum Well Laser Operation:

(a) LoI-Threshold !igLh-Power Lasers

One of the major accomplishments of our quantum well laser research was

achieved by experimental and theoretical investigations that led to the

development of Loj threshold is now" ua~ntu we lasers. We have

demonstrated (with Burnham of Xerox) threshold currents below _O.91A

and cw operation in the visible at appreciable power levels (02w).

This represents major improvement over conventional structures. Details

can be found in manuscripts 10, 11, 19, and 22.

. (b) Pattern Generation bI Imouritv Diffusio and o-nmplantatlion into eI ."

lattices

We have shown that superlattices can be saelectively converted via

impurity-induced disordering (accepted o donor) into bulk-crystal aloys

with significantly different dielectric properties.

It is thought by many groups in the U.S. and Yapan that these

processes may form an important basis for future optoelectronic

integrated circuits (manuscripts 34-36 and 50).



(a) Wav2lnath Modiflcation of fnantnna Lase rs.'•

Nothods of wavelength modification and broadband tuning have been esta-

blished (manusripts 23. 37. and 38).

~*Strained Laver Saverlattices

We have shown that high quality strained hoterolayer structures can be

produced which support a quasi-two-dinensional electron gas, display resonant

tunneling effects, and even show stimulated emission. Although this demon-

strates clearly that the interface defect density of the as-grown crystal is

low enough for many device applications, drastic degradation effects have been

observed in ow laser operation and also in PET operation of strained layer

* structures. Details can be found in manuscripts 6-9 and 18.

3. Electronic oroverties &M Device Anoliations-

We have continued to pursue the concept of real space transfer and have

demonstrated its high potential for device applications.

We have also developed the first two-dimensional model of the high oleo-

tron mobility transistor. This model is capable of simulating size quantiza-

tion and velocity overshoot effects and the ultimate witching speed of these

devices (manuscripts 27-29, 41, 42, 51 and 52).

j. Physics of Outoolectronias in Quantu Structures

A wide variety of important physical effects in heterolayers has been

e oxplored. We have performed detailed investigations of the dynamics of

. electron-hole collection in quantum wells (manuscript 1), the influence of

high pressure on the optical properties of superlattices (manuscripts 3, 5. 7,

. . f * * .. . . . . ...- -. . ..- *.. .* :. . ,-,.. . -...f ..-....t. . . - ,.," , .. t. .. ;
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and 48) and magneto-transport (manuscript 25) in low threshold quantum well

lasers. This research has resulted in a better understanding of material cor-

stants such as deformation potential constants and the electro-phonon

interaction in these structures.

Constuction It~ Reator

A reactor for metalorganic chemical vapor deposition of OaAs-hlGaAs epi-

laxial layers has been designed and completed. The system is computer con-

trolled and is capable of growing high uniformity superstructures with excel-

lent control of interface abruptness on the scale of monatomic layers

(manuscript 43, 44, and 53).

!6. Activities jh he Present Peciod (Nj)

In the present reporting period papers (manuscripts 45-53) have been

published or accepted for publication. Ehphasis bee--be4u placed on superlat-

tic* disordering and pattern generation by silicon diffusion; stripe- geometry

and buried-heterostructure lasers have been realized by this method (i.e..

- impurity-induced disordering). Tunable laser operation in external gratings

as well as under hydrostatic pressure has been accomplished with quantum-well

heterostructures. This has resulted, for the first time, in tunable semicon-

ductor laser operation over a 100moV range.(and not the previous limit of

AA*14OmeV). The theory of the dielectric constant of superlattices has also

been considerably refined. Two manuscripts have been devoted to the two-

dimensional modeling of the high mobility transistor and one manuscript

discusses the interface quality of our It)CVD-grown superlattices.

- I/ (7 . .-:.'.

• ,.

.**. *. . .- ** **..



• .

* .1 '

N. Iolonyak, Yr., Co-Principal Investigator

'. . Still.n,. Co-Principal Investigator

K. Ress, Co-Ptincipal Investigator

Y. Y. Colman. Co-Ptincipal Investigator

P. Garvilovie. Ph.D. Degree Student

B. J. Skaine, Ph.D. Degree Student, Ph.D. completed 1984

K. Meshe. Ph.D. Degree Student

D. S. Ruby, Ph.D. Degree Student (no change)

N. Tabatsbaio. Ph.D. Degree Student (no change), Ph.D. copleted 1984 ,.

N. Artaki. Ph.D. Degree Student

-. Costrini. Ph.D. Degree Student

N. Casras, Ph.D. Degree Student, Ph.D. completed 1984

L. Naewst, sters Degree Student

D. Widiger, Ph.D. Degree Student, IBM Follow. Ph.D. completed 1984

S.-. . . . . .. . . .



1, Z o •L Jisg~lu'L4 •1 # l" tio

1. . 1. Tang, L less, N. Roloa k, It., 3. I. Coleman. and P. D. Dapkas.
',he ynamics of electron-hale collection in qu:ntu well heterostruc-
taros. 1. AJl. fPhy. 53, 6043-6046 (Sept. 1982).

2. 1. D. Caarsa N. 1lonyak, Jr., L loss, 3. 3. Coleman. L D. Burnhm,
and D. L Seif res. High enrgy Al galzAs(0z_(0.1) quentm-well heteros-
tructure laser operation. A . ys. Lotit. 41. 317-319 (Aug. 15,
1932). -

3. 5. W. Kirohoofor. KL eehan. N. lolosak, Kr., D. A. Gulino, H. 0. Dric-
kaner, i. D. Burnhem, and D. L Scifero. High pressure seasurements on
visible speotrm AlIal- As heterostructure lasers: 7100-6750-1 300-K
operation. A291. &s. -Gtt. 41, 406-407 (Sept. 1. 1982).

4. N. Rolenak. 3r. Qusntuim-vell and superlattice lasers: fundanental
effects. frem: jht Pysjo. 91 Subicm Structures, Edited by . L. Gru-
bin. K. loss, 0. 3. Tsfrate. and D. L Perry (Plonm Publishing Corp..
1984).

3. S. L Kirohoefor, N. Holonyak. Jr., K. less, K. Neehan. D. A. Gulino, I.
G. Driokaner, 3. 3. Coleman, and P. D. Dapkes. High pressure measure-
sets on A1,Ga _,As-GaAs(z-0.5 and 1) suporlattioes and quantum-well
heterostruturf lasers. L. Anti. flYI. 53, 6037-6042 (Sept. 1982).

6 M. 3. Ludowise, V. T. Dietze., C. L Levis, N. lolonykh Jr., K. less. .
D. Cuaras. and I. A. Nixon. Stimulated emission in strained GaAs 1 zp - "

GaAs 1 ,P, superlattices. Ajij. fhys. Lett. 42. 237-259 (Feb. 1, 1983).

". 7. P. Gavrilovic, K. Meeoha. N. Holonyak. Jr., K. Hess, W. P. Zuresky, R.
0. Drickamer, M. 3. Ludowise, W. T. Dietze, and C. L Levis. Absorption
neasurments at high pressure (0-10 kbar) on strained superlattices.
Salld Sta C.M atjntioja 45:9. 803-806 (1983).

8. . D. Coaras, N. Holonyak. Jr., K. Ness. N. L . Ludowise, W. T. Dietz*,
and C. L Lewis. Tmpurity induced disordering of strained GaP-GaAs1

P (z-0.6) superlattices. ADJ. nl8. LEt-t. 42, 185-187 (Jan. 15.

7-77.1•



-', .*.*?. --------------.. *..

t ,~ 7

9. K. I. Ludowiso, W. T. Dietze, C. L Lewis, N. D. Cauras. 0 lone.yak.
Jr., B. K. Fuller, and X. A. Nixon. Continuous 300-K laser operation of
strained sup elattices. A l. ]ys. &lU. 42, 487-489 (Mar. 15. 1983).

10. L D. Burnham, W. Streifor, D. L Scifres. N. Eolomyak. Jr., K. Ress, and
K. D. Casras. Low threshold photopumped Al galAs quantum-well
hoterostruoture lasers. L. Al,. fhy. 54. 2618-l26" (Ea 1983).

11. L D. Burnhem, W. Streifer. D. L Scifres, C. Lindstrom, T. L. Paoli, and
N. Nolonyak. Low-threshold single quantun well (60 1) GeAlkA lasers
grovit by WD-CVD with K$ as p-type dopant. Elcr Lot. 18:25/26.
1095-1097 (Dec. 9. 1982).

12. M. D. Cauras, 1. 7. Coleman. N. Holoanyak, Jr., K. Hess, P. D. Dapkus. and
C. G. Kirkpatrick. Disorder of AlAs/GaAs superlattices by the implant&-
tion and diffusion of impurities. fMt.- ., . j"o. 11 233-239
(1982).

13. Y. P. Leburton and L Hess. A simpte model for the index of refraction
of GaAs-AlAs superlatticeos and heterostracture layers: contributions of
the states around .' . .Lgg. h. Teohnol. J. 1, 415 (1983).

14. K. Hess. M ectronic transport in GaAs-GaAl~s ketrolays and hish

nobility transistors. Philadelohia Nstins ofjt America Fhrsical
Society. (Nov. 3-S, 1982) to be published.

15. T. C. Hsieh. K. Hess. 3. 1. Coleman. and P. D. Dapkas. Carrier Density
distribution in modulation doped GaAs-Al Ga,_.As quant-- well heteros-
tructures. S-old-State Electronics 26, 117f-117 (1983).

16. N. Holonyak. Jr. and K. Hess. Quantmn-well heterostructure lasers. -
thetic Modulated Materials, edited by L. L. Chang and B. C. Giessen (New
York: Academic Press. 1983).

17. 1. K. Brown. N. Holonyak. Jr., M. 3. Ludowise, V. T. Dietze, and C. .
Lewis. Direct observation of lattice distortion in a strained-layer
suporlattioe. AsL. Phs. Lett. 43, 863-865 (Nov. 1, 1983).

'_s -e-%......................-.*-.



18. Y. M. Brown, .L R. Mooel, N. Nolonak, Yr., IL D. Couras, M. 3. Ludo-
vise, V. T. Dietze, and C. RL Lewis. Defeat studies in strained-layer
quantum well heterostructures. ftoj. od IM 416U Annual NeeiLag od jh2
E.atro Micros*23 Society a America, 120-121 (1983).

19. M. D. Curas, N. Holonyak. Yr., IL A. Nizon. L D. Bumnham, V. Streifer,
D. L Sofre : 1. L. Paoli, end . Idi Jtjm. P.ojopunj~ed low threshold

f1 ,A- x _ -_ 1A10 al Z Z single qua-
a'bk]ia£s . jj. fi. l I. 42, 761-763 (May 1, 1983).

20. L D. Butzhom, C. Lindstrom, T. L. Paol i, D. L Soifres. V. Streifer. and
N. 1oloak. Yr. 100 n£ (I room temperature, 6ps shallow proton stripe
GaAIAs single quantu veil visible diode lasers. K esg (May 1983,
San Pranoisco) to be published.

21. L D. Burnham, C. Lindstrom, T. L. Paol, .D. L Self re. W. Streif or. and
N. Holosyak, Yr. ow roem-tomperature operation of GaAIAs single quantm
well visible (7300 I) diode lasers at 100 df. Phys. Lee. 42.
937-939 (uae 1, 1983).

22. M. D. Couras, N. Holoayak, Yr., . J. Coleman, 1. G. Drickaer, . D.
Burnham, V. Streifer. K. L Scifres, C. Lindstro. and T. P. Paoli. High
pressure measurements on photopmped low threshold AlxGa lzAs quantm
well lasers. 1. A2gj. 12". 54, 4386-4389 (Aug. 1983). 1i qanu

23. . D. Cauras, N. Holonyak. Yr., . D. Burnham, V. Streif or. D. L
Seifres, T. L Paoli, and C. Lindstrom. Wavelength modification of
Al 1Ga .As quantum well heterostructure lasers by layer interdiffusion.
1. AgU. fbY~ . 54, 5637-5641 (Oct. 1983).

24. Y. P. Leburton. K. Hess, N. Holonyak, Jr., Y. Y. Coleman. and M. Camras.
Index of refraction of AIAs-GaAs superlattices. Y. A22L. FPkys. 54,
4230-4231 (July 1983).

25. P. Gavrlovic, K. Hess. N. Holonyak, Yr., L D. Durnham. T. L. Paoli, and
W. Stroifer. Quantum well laser operation at low temperature in strong
magnetic fields. Sojji State Cmu ojtiozj, 48:8, 671-673 (1983).

A ,4

26. P. A. Martin, X. Meehan, P. Gavrilovic, K. Ress, N. Holonyak. Jr., and 1.
1. Coleman. Transient pacitance spectroscopy on large quantum well
heterostruotures. L. An2L. Phys. 54, 4689-4691 (Aug. 1983).

*~*dC **'* .**. . . ., *.** .... *... *...-*-*..*-
*5**~ .' :1 ~.~2> ** * *......................



27. 1. Hess. Superlattices. ftos. LUI& Suj IQcL9_2 (St. Niniato. Italy,
1983) to be published.

I

28. K. Hess. Principles of hot electron thermionic emission (real spece
transfer) in semiconductor hoterolayers and device applications. Jil-
orkshonn Future loctr DeyjgU (Tokyo, Feb. 1984) to be published.

29. K. Hess. G. Y. safrate. Not electrons in semiconductor heterostructures
and suporlattles. Book chapter, Springer (1985). L. lgiani, editor,
to be published.

30. X. D. Comras. 3. X. Brown. N. Holonyak, Jr., K. A. Nixon. R. V. Kaliski,
N. Y. Ludowise, V. T. Dietz*. and C. L Lewis. Stimulated emission in
strained-layer quantma-vell heterostruotures. 4. . Pys. 54, 6183-
6189 (Nov. 1983).

31. 3. L. Epler. N. Holonyak. Yr., L D. Burnham, C. Lindstrom. W. Streifer.
and T. L. Psol i. broadband tuning (A--100 maV) of Al Ga. As quantum
well heterostructure lasers with an external grating. A2n. Pl . Ln. -
43, 740-742 (Oct. 15, 1983).

32. K. Meehan. N. Holonyak. Yr., L D. Burnham, T. L. Paoli. and V. Streifer.
Wavelength modification (Ah-u - 10-40 meV) of room temperature continuous
quntum-well hoterostructure laser diodes by thermal annealing, 3. A291.
Phys. 54. 7190-7191 (Dec. 1983).

33. 1. Neehan. Y. N. Brown. P. Gavrilovic. N. olonyak. Yr., L D. Burnham,
T. L Paoli. and V. Stroifer. Theral-anneal wavelength odifi.ation of
multiple-well p-n Al 0 _As-GaAs quantum-well lasers. Y. Ane1. .. '-
55, 2672-2675 (Apr. 1g1 . !

34. K. Keehan Y. N. Brown. K. D. Camras, N. Holonyak. Jr.. L D. Burnham. T.
L Psol i. and W. Streifer. Impurity-induced disordering of single well
Al Gal xAs-GaAs quantum wll hetorostructures. Ann. ny. Lett. 44,
42410 (Feb. 15, 1984).

35. 1. Neehan. 3. N. Brown, N. olonyak, Yr., R. D. Burnham, T. L. Paoli. and
V. Streifer. Stripe-Sometry AlsAs-GaAs quantmn-well heterostructure
lasers defined by impurity-induced layer disordering. AnsL. Phys. Lett.
44. 700-702 (Apr. 1. 1984).

-. ~ .... "*

• - - ,-. . -.,'. . - -'.. .,,- ', .-.-. '~............ ... -•..... . .... .............- - .,...... .. .... -,..



10

36. K. bhan. N. Holonak :. 3, . X Brown. . A. Nixon P. Gavrilovic, and
I. D. Burnham. Disorder of an Al 0 aiAsGaAs suporlattice by donor
diffusion. Ani. Phys. Lett. 45, 549-55 fSept. 1. 1984).

37. J. L. Epler, N. Holomyak. Yr.. 3. N. Brown. L D. Burnham, V. Streif or,
and T. L Paoli. High-enorgy (X7300ft) 300 K operation of single- and
multiple-stripe quantua-woll heterostructure laser diodes in an external
grating cavity. Y. Apjl. M". 56, 670-675 (Aug. 1. 1984).

38. 3. L Epler, N. Holonyak. Jr., I. D. Burh m. T. L. Paoli. and W.
Streifer. Far-field supermode patterns of a multiple-stripe quantum well
heterostruoture laser operated (-7300 2.300 K) in an external grating
cavity. Anol. Oy. Lett. 45. 406-408 (Aug. 15, 1984).

39. 3. IL Brown. N. Holonyak, Jr., R. W. Kaliski, IL 3. Ludovise. V. T.
Dietse, and C. IL Lewis. Effect of layer size on lattice distortion in
strained-layer superlattices. A21. Ihys. Lett. 44, 1158-1160 (June 15.!, ~1984)."-1:.

40. IL D. Burnham, W. Streifer. T. L. Paoli, and N. Holonyak, Ir. Growth and
characterization of AIGaAs/GaAs quantum wil lasers. 3. IL Crystal Q_ '-Qt
68. 370-382 (North-Holland. Amsterdam, 1984).

41. D. Widiger, K. Hess, and 3. 3. Coleman. Two-dimensional numerical
analysis of the high electron mobility transistor. Ll- L-5, 266
(1984).

42. D. Widiger, I. C. Kizilyalli. K. Hess, and 3. 3. Coleman. Two-
dimensional transient simul ation of the high electron mobil ity transis-
tor. P of IMf (Sam Francisco, 1984) to appear.

43. S. 3. Jeng, C. . Wayman, G. C,strini. and T. 3. Coleman. Interface
structure of GaAs/AlAs semiconductor superlattices prepared by WDCVD.
aterials Lett. 2:5A. 359-361 (June 1984).

44. G. Costrini and 3. 3. Coleman. Conditions for Uniform Growth of GaAs by
Netalorganic Chemical Vapor Deposition in a Vertical Reactor. . A&L.
?Ils. submitted.

45. K. Meehan, P. Gavrilovio, N. Holonyak, Jr., IL D. Burnham. and R. L.
Thornton. Stripe-geemetry Al Ga,_ As-GaAs quantum well heterostructure
lasers defined by Si diffusion and disordering. A921. 1 k". Lett. 46,

2F *o-... .... >.2..- .,, ... .. - .. . . . . .*.%*.-. . : .. - *.-.- .. . . .. . .., . . . . .... , . . . . .. ...



75-77 (Jan. 1, 1985).

46. K. Meehan, P. Gvrilovic, 3. E. Epler, K. C. Hsieh, and N. Holonyak, Jr.
Donor-induced disorder-defined buried-heterostructure AlxGajxAs-GaAs
quantum well lasers. _. Avpj. Ph s. 57, to appear.

47. 3. E. Epler, N. Holonyak, Yr., L D. Burnham, T. L. Paoli, and W.
Streifer. Supermodes of multiple-stripe quantum well heterostructure
laser diodes oOperated (cw, 300 K) in an external grating cavity. 3.
AuL. Phys. 57, (Jan. 1, 1985).

48. R . Kaliski. J. L. Epler, N. Holonyak, Jr., . J. Peanasky, G. A.
Herrmannsfeldt, H. G. Drickamer, X. 3. Tsai, . S. Cauras, F. G. ellert,
C. H. Wu, and M. B. Craford. Pressure dependence of AlxGa.._ As light
emitting diodes near the direct-inderect transition. .. A oul. h- . 57,
to appear.

49. J. E. Epler, R. W. Kaliski, N. Holonyak, Jr., M. J. Peanasky, G. A.
Herrmannsfeldt, H. G. Drickamer, L D. Burnham, and R. L. Thornton.
Hydorstatic pressure measurements ( 12 kbar) on single- and multiple-
stripe quantom-well heterostructure laser diodes. . Avu . Ph_s. 57, to
appear.

50. K. B. Kahen, 3. P. Leburton, and K. Hess. General model of the
transverse dielectric constant of GaAs-AlAs superlattices. _X. of Su a-
lattices and Microstructures Academic Press, to appear.

51. D. WidlSer, I. C. Kizilyalli, K. Hess, and J. 3. Coleman. Two-
dimensional nmerical analysis of the high electron mobility transistor.

D . 1. of Suprlattices and Microstructures, Academic Press, to appear.

52. D. WidiSer, 1. C. Kizilyalli, K. Hess, and 3. 3. Coleman. Two-
dimensional transient simulation of an idealized high electron mobility
transistor. IEEE Trans. on E, submitted.

" 53. S. J. Yong, C. . Wayman, 3. 3. Coleman, and G. Costrini. Interface
characteristics of GaAs/Al.Gal-,As superlattices grown by NDCVD. Materi-
als Lett., submitted.

~~..... ........ ... -.- ", ..... .... u.- ... . *"- - *,, * .*- ,. , ._._' . . . . .. '_
-
. -... , . .-",'_'



* Th* dynmics of eectron-hole colection In quantum well 1heoroatructurm
J. Y. Tag aNd K NeOW
Dqwosu tVfkl " ftiuqvaeD and Cwrdbwa Sdmce Labemrerj Uxberifty IlIbok Uraae.

Ihes6180I

N. Holanak, Jr. awd J. J. Colemn
Ibku d ZllMaWfftgmwih UabWAIi and MeAsk fabamk LakuAv~ Crnhmk pqI~au O..
Ur&Aa JONsh 61801

P. 0. Oapkus
* M~~Jiveeleuu~siAnswwk and Davilums C~mw PackwueI namit Thomd Oa Cal4frni

91340

(flaceived 26 March IM,2 accapte for publicatio 13 May 1982)
The dynamics of carier collection in quantum-well 1arn studied by

photoenaisin experiments and Monte CarO siulatons. It a shown that carrie scatteing
diecreases rapidly for well sizes L, S 100 A. The collection mechanism depends sensitiviely on
details of the band structure Thie energy distribution function of the carriers after collection
exhibits significant structure with respect to ultiples of the phonon energy. This feature a also
reflected by the experimental results.

PACS numbers: 42.55.Px, 71.38. + L, 78.55.Ds, 63.20Kr

I.INTIRODUCTlOt sum thatthie electrons transmitted into the GaMs stay in the
IN excess carriers are phtgnrtdor injete in the valle type in which they started and simply sin kinetic

confining layers of a singleg quiumtnt-wa hnenergy UM n the mount of the band edge discontinuity AE..
within-a diffusion length of the narrower pap active region, This asumpdio is supporte by investigation of the quan-
the earrirs willidiEfueto the quantum wellbecollected.and. tum mechanical0 transmusion, coeffcient by iOsbourn and
recombine in the well (GaAs) if it is large enough.'I Thie pro. Suiith3

cessof excess carrie collection by single: and multiple quan-IwUEIA EUT
tuma-weil htrstructures (QWH) has been studied expert.I- UEIA EUT
mentally and theoretically2 by mean of Faeris age theoary. The Monte Carlo program used for the computations is
The main goal of this theory has been to explain the experi- arevised veionof thatdescrbedin pviousppers.With-.

*mentally observed cutoff of confined-particle recombination out going into details of the Monte Carlo model, we would
for sinle-well sizes 45 S80 AL like to emphasize the importance of the inclusion of the real-

It is the purpose of this pape to present a more refined istic band struictur in this problem because the electrons are
theory of the dynumcs of carrier colleiction, in quantum injecte into the GaAs with a significant amount of inetc
wells, which includes details of the band struicture and the energy (AEJ). They are scattered initially high up in the
eectron-phonon interaction, and to compare: this theory GaAs conduction band where a simple effctve mess ap-

with experimental results. We use a Monte Carlo simulation proximation no loge holds. Therefore the inclusion of the
of the electron percolating down in energy in a QWH by band structurie is absolutely necessary. We us - 7000 Mesh
phonon emission. This simulation gives adetailed account of points and interpolatioins between these points. The E (kj re-
the history of the electrons in the r, , and L valleys a=d lation is calculasted by the empirical peudopotentil meth-
shows that the cutoff features for confined-particle recoin- od. The band structure is not simulated too well by this mod-

Sbination depend sensitively on the valley type in which the el at very low energies (few points only), and the results at
* electro resides when approaching and traversing the quan- low energies are therefore estimated to be in error by

tum well The transient energy distribution reflects as :k 20%. Within the model assUMPtions, Our formalism
characteristi structure with respect to the phonion, energy (which a equivalent to the semiclamical Boltzmann formal-

* which can be related to similar structure in the QWH laser ism) is valid in the considered range of energies and scatter-
* spectrum The theory is not complete, however, since effects ing rates eve if very strict criteria are applied.
*of size quantization are not included in the simulastion. The The percentage of electrons scattered according to this W
* effects of a subband structure become increasingly impor- model at a certain distance in the Gams is shown in Fig. I.

tant at low energy, i.e., when the electrona has cascade down This percetage does not directly reflec the percentage of
A substantial fraction of the QW. At higher eniergies, how- electrons captured in the quantum well because of possible

*ever, size quantization plays a minor role, because of the multiple electron reflection at the well boundaries and the
small deBroglie wavelength, and we have to account only for possibility of phonon absorption and electron rie-emision.i
t quantum mechanical transmission probability from the Phonon absorption contributes only a few percent to the re-
wider-gap confining layers to the GaAs well. Therefore, our sults at room temperature and is entirely negligible at low
numerical model is three dimetisional with respect to the temperatures.
scattering and transport of electrons in the GaAs. We as. The influence of multiple reflection is displayed by the

* .043 J. APOi. P"y. 53(g). Seotember 1982 0021-8979/82/096043-04$02.40 -Z' 1962 Amwican institute of O'ws'cs 05043



- . ~.--;.~--I I I I E I l•i' .-.

High energy AIxGa, _xAs (0<40.1) quantum-well heterostructure laser
operation

M. D. Canas, N. Holoyak, Jr., K. Hos, and J. J. Coleman
lecolc, Enghwvft Rmaarch Labhmwty and Mateial Rkeah Labomawy. Unkirity of llimno at

Urftxe-Chamedgn. Urha, MIio 61801

R. D. -ham and D. R. Scifres
Xerox Palo Alto Resarch Cent, Palo A18% Calmona 94304

(Received 17 May 1982; accepted for publication 28 May 1982)

Besides high pressure or bulk crystal composition change, a size-determined direct-indirect
transition can be obtained in an Al. Gal -, As (04x<40. 1) quantum-well heterostructure (QWH),
in fact, at higher energy (E-2.05 eV) than in bulk Al Gal -. As (- 1.98 eV). Laser operation is
demonstrated at 6700-650 A on a QWH grown by metlorgnic chemical vapor deposition
(MOCVD). -

* PACS numbers: 42.S5.Px, 71.50. + t, 78.6SJd, 78.55.Ds

Previous work' indicates that if the GaAs active layers - 1.98 eV). The physical reason for this behavior is that the
of a quantum-well heterostructure (QWH) in the "disorder bowing" of the band edge, i.e., nonlinear contribu-
AIAs-Al Ga, - As-GaAs system are made small enough tions of x in E, (x), can be avoided in a QWH or superlattice
(L. : 30 A), then it should be possible to shift the recombina- JSL). In this letter we examine this possibility and indicate to
tion radiation and stimulated emission well into the visible, what extent the bulk crystal direct-indirect transition can be
In fact, the possibility exists of using small GaAs well size exceeded, in a QWH, by a size-determined direct-indirect
(L,), or small wells of Al, Gal -.As of low composition transition (AE-2.05 - 1.98-0.07 eV). Data 1300 K) are
(x 40. 1), to shift the various confined-particle states of the r, presented on a 20-period Al. Ga, -, As-GaAs QWH (a small 7-

L. and X valleys of the conduction band and r of the valence superlattice, SLI grown by metalorganic chemical vapor de-
band to high enough energy to create a size-determined di- position IMOCVD)-'5 that are consistent with the conclu-
rect-indirect transition exceeding in energy the bulk crystal sion that an Al,, Ga, As-GaAs (or
direct-indirect transition of Al, Gal _. As (xmx, =0.44, Es A.,. Ga, -, As-Al. Ga, - GAs,. x' > .r QWH can exceed an

3,7 AppI. Phys. Lett. 41(4), 15 August 1982 0003-6951/82/040317-.0301.00 ) 1962 American Instotute of Piyscs 317 .- -.
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High pressure measurements on visible spectrum AI Ga, -. As
' heterostructure lasers: 7100-6750-A 300-K operation

. W. Kirchoefar, K. Mmhan, and N. Holonyak, Jr.
EkwvtU i, m man a nd M wib Remwh Labarum) Ukkeso q'M at

~ Urban& U b k m 61801

D. A. Guino and H. G. Drlckamer
Sch..iq oeusmIdcienm a ed Mawfith Reswc LabWiwA Unbwirit etfIloriat Ubane-L
Champaien, Uphu liaie 61801..

R. D. Bumham and 0. R. Scifrs.
Xeo Psao ,4k. R awe Cirs, Palo Alai, Ca4&Ie 940

(Received 29 April 12; accepted for publication 2 June 1912)

Pressr applied to high perfomance ew 300-K bulk-limit (L. -60 A single quantum well
s AI.Ga, -. As Ix-0.25,A -7to0 A) laser diode is ue to imulate composition

change and determine the threshold increue at shorter wavelength. Unless small quantum well
sizes are employed in more sophisticated design it is unlikely that A (forcw 300-K operation) can
be made much less than 6900 .

PACS numbers 71.25.Tn, 73.40.Lq, 62.50. + p, 78.60.Fi

SIn spite ofthe fact that the semiconductor laswr was int tested her are grown by MOCVD as described in Refs 3
demonstrated in the alloy GaAs, _,,P.,' as soon as in G4l and 4. Their structure consists of (1) GaAsSe buffer layer
and now is almost 20 years old, it still is not a commonly -0.3 ism thick, Nd - 10" cm -; (21 Al. Gal -AsSe-0.S

available visible spectrum device. It simply has been too dif- m thick,x-0.25, N --3 X 10'7 cm-; (3) Al. Gal_ AsSe
ficult, even in the most advanced form ofat atched - 3um thick, x>0.6, N - 3 x 10" cm -3; (4) Ai, Gal As

Sheterostructu, to shift the operation from loner wave- (undoped) active layer -60 A thick, 0<x<0.28,
length toward - 7000 A and simultaneously maintain a low N -3 X 10 cm-; (5) Al, Ga -. As.Zn-2.75 m thick,
threshold current Recely Burnham and coworkers3'. x>0.6. N, - 3 X 10"7 cm - ; (6) Al, Gal, As-Z-0.2Sm#."
have shown that large IL, - 600 A) singl quantum well het- thick, x -0.25, N. - 10" cm -3; and (7) Ga&Aa-Zn contact
erstructue (QWH) Al, Ga, _ As lMen, grown by Meta- layer -0.5 ,m thick, N., 5 X 10" cm- 3 . These diodes ae
lorganic chemical vapor deposition (MOCVD)?'-* can be op- fabricated in a stripe geometry configuration and are metal- .. -..
erated continuously at room tempertu at significantly lized with Au/Ge on thed side and Cr/Au on thep side. Al-
shorter wavelengths and lower thresholds than the double though cw 300-K laser operation is possible with these de-
heterojunctions (DH) of previous work. Iu=.ALRdL.3 vices, pulsed operation is used to avoid confusion ofthe data
shows recent MOCVD AlGa, aAs QWH laain thre- by heating effects. The diodesare pulsed as near to threshold
shoids, at various crystal compostions x, compared with the as possible to avoid band filling.
earlier results of others on DH's. The data of Refs. 3 (and 4) The change in the photon energy of the peak lasing in-
stop at x-0.28 and A- 7100 A, and give little ida of how tensity with pressure is shown in Fig. 1. The data points are
rapidly the threshold current density in the Al, Gal - As fitted by the least-squares method, and a pressure coefcient
system would increase at still higher crystal composition of - 8.2 me V/bar is measured. This result for the pressure

, (shorter wavelength), which can in fact be simulated with e
prsur In other words, hydrostatic pressure applied to the
high performance visible spectrum QWH lasers of Ref. 3
and 4 afrords a unique means to probe the range (and limits) A i - 0o ('''

over which stimulated emission (300 K) can be achieved in 3 K

*the AlGal-,As systemi"
Hydrostatic pressure measurements have been per- 6 ....

formed on these visible spectrum QWH laser diodes. The
techniques used in these high pressure experiments are the "

.. same as those used previously for studies on other QWH
laser diodes." I" The diodes are placed in a high pressure
cel' 2 outfitted with a sapphire window and standard Bridg- u . ""
man electric seals. The cell is filled with a dielectric fluid 0 1 , IO

consisting of 10% isooctane in methylcyclohexane. An in- ,r,, , ,k,..

" tensifier I previously calibrated against a manganin gauge) is FIG. 1. Pook lair emery vs prusure far a bulk-limit IL, -6
0

D A single
connected to the cell and used to apply pressure. This appa- qumtum well laeer diode operated under hydrosatic presure. The inset is

the room-temperacure pulsed spectrtun oftbediode aza prmeo l0kber.
raws is operable to - 12 kbar. The diode exhibits a linear eneru vs prssure dependence of - 8.2 meV/

The single quantum well heterostructure laser diodes kber over the entire range 0- 11 kbr 17100-6750 A) -.
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QUANTM+-WL AIM SUP11XTTZIE LASERS: FIDA ENTAL ETFECTS

N. Holonyak, Jr.

Electrical Engineering Research Laboratory and
Materials Research Laboratory
University of Illinois at Urbana-Champaign
Urbana, Illinois 61801

ABSTRACT

Besides the Improvements that can be affected in laser design
and operation by the use of a quantum-well (QW) or superlattice (SL)
configuration, various fundamental effects also can be observed.
Some of these are: 1) electron-hole symetry (mess and velocity
and its use to measure band-edge discontinuities, 2) identification
of phonon-sideband laser operation, 3) alloy clustering and reduc-
tion of "band-to-band" (e+h) recombination energies, 4) impurity-
induced layer disordering, 5) high pressure measurements that permit
observation of the behavior (pressure coefficients) of the "inside"
of an energy band, and 6) a quantum-well or size-induced "direct-
indirect" transition (in the ALAs-AlGaAs-GaAs system) higher in
energy than the bulk value of the disordered alloy.

IN.RODUCTION

In the usual double heterojunction (DH) laser the narrow gap
active region is greater in thickness than * 500 1 and, as a con-
sequence, bulk-crystal properties are observed. If the active lay-
er thickness, Lz, is in the range Lz 4 500 A, i.e., A \ h/p I Lz,"
confined-particle or quantum size effects are manifest. Apart from
the fact that improvements can be effected in laser design and op-
eration-3 by resorting to a quantum-well (QW) or superlattice (SL)
configuration, various fundamental effects also can be observed.
Some of these, including the electron-hole asymetry and the pec-
uliarities of carrier collection, phonon generation, alloy cluster-
ing, layer disorder, high pressure effects, and size-induced direct-

S.indirect transition, are described below.
r



High pressur eauremen1 on AIGa, -,A*4aW (xm 0.5 and 1)
supltl. and quantum-we hetremue lasersUM MN

&. W. KkchuW* tt K aan Jr., K H=%s &Wd KN ehuo
ZinIE~e Zqbiswv Adc Lewmad Muasie Awn e bmmw fUak.*jeAikat

0. A. Gubto &Wd K. . Orlkmmr
SdaiqVChM Sdme d Momwk Amwh LobwmwUni w& 4VAm ath VMw

L. J. Caiuw" Owd P.O0. om
Reot"Iin'ueieL A Rws Amh Cmr Amah" CAVuwk O3W

(Reolvd 13 March IM2- tdfor ptubliuatiar 13 May 193)

Absorptimnsat as AlJAs-GM ad AM, . -aAs superfetlces (S') and amsim dama
an MICal ..,As-GaA qmutu-wel Aer ar (QWH) lowe diodes mabjected to
hydrosteti pressure (06-10 kbar) at 300 K are presed Suaporatice absorption dat show ta

*bmdedg eM- u with the up preue coalkeat of 1 1.5 =tV/kbar. (For bulk GaAs. the

to a ower(1.5 mV/bar) eergpp veusp ,z woediens at higher~ p IIIee The chang
m dope ca beesplineod bycmiderig thealact a.th light.mad heavy-hole mbbenda atoser

-tamm -eca Within thep4 diode Ieeasutr

4 ~PACS nmbers 42.5.1& 62.50. + p. 71M2.Ta, 73.60.Pw

L ITOOUCTION thes ssumpuim to acmme dame andiso am might expect
The dlects of hydrostatic pIssr an the baud shme- t S WmcodWt b~ia IE uha

ame at samcondoctor have long farmed the basis for the terimbjoted, to hydrtati Vrre
mia aetipctt I - -pyiap meastbe . It km been obeervu recently that QWH's us excelent
usl.In partiula, the pressure depedenc of the cadus dateltors atthe senc of uch direcbualasl e...This us

tion band minim in GaAs, and to a Imemer caten in in o amdto thrbaling ofthef degeneracy ofH& lihtnd
Al, Gal -,As. has bee characterized sad is known to be heavy-hole subbauds (at zwo pnmr) a QWWuL Relative
Honer for "low" prsre (Lep, 100 ldar) Rooc epmrl- m 11 bhotwee HIht aid heavy-hol mabbauds an a
ammoan quantum-wel 1hataFws Pae (QwII's) grow by QJH can be -mre emsfy detected becaume of their built-in
motalorgsmic cheia vapor depoition RAOCVD, how- miparaiom. Since mamen of the lightholesrelative to the
evm, hav shown departure fro Ga&.sae prusm do- heaybhosisknown to be ascised, with uuizill tress in

pedneftrp < 10 kbr in both doped samples operated.a the [1001 dirction in 0&4A6' obeuvatiow ofuch a elbat
p-a junctionlmwrdiodes'sd in undoped suprattices md indlicae ther pemc -ofsacm farm ofdirectioa sa uin the
a absorption samples.2 TLm ruls snow that ebm n. crystaL. This property of'trmacus under Vresuwe is
sm t wit th rsneofihegerin.s ad this sy- med here to inamine a anuber of A40%Ga -. As-G~aAs p.
eam madbulkplayer*a-lyer msack (diodes in the.om juncton hmer diodes. For re m-Ferenc ad -compaIleon. several
tessle wre rpoib', for their anmaious hydroetatic AW~-Ga&s and Al,,Gal - ,,As-&aM supedlattice plaudiots,

p-murs umcamuided p- that are free of p and a bulk "corn-A.
It iptau to reconiz that ma heeoerntr tat"yeam are eamined in abeorpom

mserisisdomomulenc truembdo hpneurdht
Since the layrsofsah ' Wme-us composed ofdisimi- L SAMPL PRWARATION
hsr merlala WithdiffingbulkcmP eI tieselasmafy Superlatiu (SL) awsal oomeed of alternating lay-

* applied hydrostatic presme migh be eVpected So induce ea of AlWsGaM sad AIG 1l -,A*s-GaM (x-0.) lad
snhear eresat the insurfacee thus prouig a nonhydros. with various layeruzesiL, and LN, have beau gownby MO-

*tans dItin orde to mo ac ly to a hydosati D Experimena WSaples cleaved 60a2 them SL crys1a1s
* ~envionmt A sample smet be homogeeousm a bulk own- mofesuellnt qultoperaig. 300Kcw Iem inplate.

m~,ad be fm of may stu mducin mecheical commeo- let farm.' The samples us prepared far Absorption namers.-
tions Any type of a hetwommnucture orp-a unctiom violte menu and phoropumoped laer ezprimments) by rAm rumov-

mng the GaAs subetrate by mechaulc polishing and
_____________ eleciv metching. The raking thin platelets us attached to

* ~Nm dimt Umiwmksyd~ef sphiesapl ole with sblcone gee. The holder as
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-a dataweprouisud asa drect-welGaMs,. P,43As (-01MSstrained
suprlaaic (84 (erdr L -7 A.qu an L L- 75 A and an indirect-wel GaO-

Ga Ps IF,, streinedsls(L.,L,-l2AndLaL - A)growbyrgnonealic
vapor phase aplazy. Stimulated unisima (at 300 and at 77K Q s obued in the foI e but only
weak Iuminemece in dhe late, dhie establishing that a large density of delcts at the

* ~~SL 'nietdrc"conveusia., have not been observed in indirect sysmen.

PACS number.: 4L.ftPz 68.48. + 1 X820. -. , 68.55. + b

Although a good deal of Siezibilt elmits in the l-V arow with 66 GaAs, .. P. (x -0.25) lays of thicknsm
falmily of semiooductorswhichpermits formaion ofawide L-5Aatrtig wit 66 GaAs quantums wells, als or

*rangeoflatc-~ce heteroutfrtre- thereas neverthe- thicnes L, - 75 A. Above the top arrow is the crystal otr.
I eank the practical r u *ait of limited availability of NOg fae and som noticeable as well as typical, crams-hatchi

*quality binary substrates at desired latice imes. Thus, lIc characteristic ofGaAs,_ P, grown on GaAs.
*Matching always practical and it would be of consider- -For the photopumping experiuntsm of interest here, the

able velne if mtand-ae hee tructureswith limited in- Ga&s substrate is polishe and etched of as much as is pos-
terface defects and a high degree of stability, could be grown. sible. Small wafers polished to thin dimensions (-25 pmi
A Aspecificcaneisdot of GaAs, -,P. grown on GAs or on uAnthen etcbed (no stop layer) to athic aof2pmtorlmi
GaP, whichi, in the usual thick-lyer heterautruotturs? results tend to have feathered edges that are frem of substrate. It is
in a lawg defect density at the he Ptr interfaces." If the lay- from this region that samples awe cleaved and are heat sunk
ers are thin eniough, however, s in a strained-layer superlat- udrdiamond in annealed copper. The same RAr photo-
tice (SL), the layers deform elastically, and presumably the pumped with a cavity dumped ArP lose (5145A)
interface defect density can be kept low. Thu cannot easily

*be concluded, however, from the GaP-Ga&s, -, P, strained
SL's reety described4J in which the quantum wells are
indirect-gp, GaMs, _.P. [x>xj(77)=0.4Qa. That is. uzn- G9As_.,P,-G4AS Strained SL

whether a "quantum-well" indirect-pap crystal has (asiled to

*act direct (a zone-flding effect) or whether the heterointer-
*face defect density is large. (We return to this point later.) -

* ~Accordingly, a better demonstration of the freedom of a - - ~~--
strained-SL heterointerfaice from defects would be to conid-
er such a structure with direct-gap quantum wells, and ob-
serve on it unambiguously a high level of lumineece In
this letter we demonstrate stimulated emission, and thus a
low heterointerflace defect density, on photopumped
GaAs, - P. -GaAs (x-0.25) strained SL's with 66 periods
or 132 hetrointerfaces

*The strained GaAs, 5P, -GaAs SL's of interest here
*have been grown by the organometallic vapor phase epsax-

is) (OMYPE) process reported on elsewhere. The SL's Ji
themselves resemble the Al,,Ga, As-GaAs or ALMs-

* GaAs S~s described earlier grown by inetalorganic chemni-
cal vapor deposition (MOCVDI."9 A typical shallow angle
cross section of the GaAs, . P, -GaAs strained SL's of in- FIG. I S ulOw-sk 0c.5 CroSection ofta-peidstrainedl SL con-
teress here is shown in Fig.)1. Note that the vertical stissions sisin of L, - 75-A OnSM quntum welks coupled by L, - 75-A
are polishing scratches. Out of view at the bottom is a GaAs 04Ms, _- P. (x-.25) batrs. The uppe arrow indicates the -corner"
substrateand thena&GaAs, _.,P, tayergraded fromy = Oto wish the lightly crmamce water surf'ace. The - I-pm SL as showu

betwee the arrows. Dawaib the lower arrow is a graded region of
y = 0. 125, the avers composition of the SL. The strained SL OGs, _ ,P, (o. l23)y>.)1 paw on a GaAs substrate. The vef tac a-
begins, at the upward arrow and extends I pm to the top dioes are polg scratches.

* 257 ApoI. P""y. Left 42 (3), 1 Fobruay 1963 000349161 /83/030257.0=51.00 9 1963 Amencar Insiht of Pttysmo 257
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Absorption data on @trained GaAs, ..J3-Ga superlattices (SL. 128-period, barrier im
La.. 75 A, quatmwell viam La. 75 A. allo compoition a - 0.23) are presented in the range
0-10 kbers. The absorption curves obtained show no excitas peaks sack as seen Ln lattice -
matched Al.,GaxAsIGAS SL'9 MWan the pressure coefficient decreases from 11.5 meV/1Lba to

L 1.5 sMe bihr in the mie end - 6.5 maV/khar at energies approachi n d above the barrier
energies. This behavior is attributed to the fluctuations In strain caused by the alloy
disorder, and clustering, of the barriers.

Although seat hetero structures have bee iso fundamentally different strained S.'sa,
constructed in lattice-matched 111-Y systems. a 66-period GaAs-1AGAaA (z - 0. 20) SL and a
for fundamental and various practical raeaos 126-period GeAsa1. 1 P1-ea (z - 0.25) SL. with
aisoatced strained-layer heterostructures and La. 75-A barriers end La- 75-A quatum wlls,
mperlattices are beginning to gain attention, have been grown for these experiment*. flam
particularly since never crystal growth methods I a have been grow. 6 by organometallic vapor
now permit successful growth of these struc- phase epitaxy (0MPZ), or setalorganic chemical
tunes. for e@ample, recently attempts to ob- vapor deposition (mDcVD), and, as for highly
serve sone-folding effects on GaP GaAs 1 3?2x unifre. A Gal..As-GeAs S.' s grown earlier by
str Crined .superlaitces MI) have been report- WPI, the crystal growth apparatus is electron-
ed. Also, impurity-induced layer disordering ically operated and computer controlled so as to

*experimewlts have been reported an the ans type ensure the growth of equally uniform an well as
* of SI a. Most recently seccesaful laser opera- reproducible layers (shown La figs. I of Isfa. 3
*tion, both pulsed and continuous (cv), has been and 4).* The crystal growth is accomplished at

* otaied 30 K) on _.s-tn Gal-,As and 625% for GsA&etanuGai...A SL's and at 750% for
GaAs 1..1 P,-GAs straine S& a.~' h results of GaAs,' P -GaAs SL s.th growth rates used are
lef s 3 and 4 ace important In idowing that 400 A Z~ as determined from serate thick-
these &a wn strained SI., with many inter- layer calibration experiments.
faces and thus may possibilities for defect
formation, are nevertheless relatively free of tn order to compare the bebavi r of

*defects. Otherwise the laser operation of Ref s. strained SLs with lattice-matced SL'a, both
*3 and 4 would not be possible. Immediately then with the me kind of binary quantum wlls

an interesting and important question concerning (GaAs).* we present data below on only the
a strained IL, particularly one relatively free GaAsi..iP,-Ga~s (x - 0.25) strained SL. Unlike
of defects (i.e., Sood "n.gh to operate as a cv previous SI'a, however, this IL has been pro-
300 X photopuseped Lane), to that of how it vided (and Improved) with higher gap confining

* compares to a lattice-matched SL. For eample, layers, epecifically AlGa1... A9 1. 2 p3 (z - 0.25.
how does GaAs .. P -GaAs strained IL compare in y - 0.6) confining latr ht ar4 0

* funlmetlbebvor to an AlXGa 1.1AO-GaAS thick. One of these confining layers is grow.
* IL? Concerning this question, in this paper we on the top side of the IL and one on the bottom

.4report high pressure absorption smanaroents side iemdiately following a GaAsi.. 1P' graded
*(300 K) showtng that the confined-particle layer that is grown first on a GaAs mubstrate.-

exciton transition , normally visible in a and Is changed in composition over 0.1 M thick-
lattice-satched SL,s vanish in the case of a ness from x-m0 to xa * .125 (i.e.. to the average
strained IL. In eddition, a leer pressure composition of the IL). The bottom Al-contain-

* coefficient Is measured because of the built-La ing confining layer acts as a convenient *stop ..

strain and the alloy randomness coupled (via layer' that permits polishing and etch removal
strain) from the alloy barriers (GaAs.,,P,) into of all of the substrate and graded region so

* the binary wells (GaAs). that absorption (or emission) emasuraments can
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Impurity Induced disordering of s ined GaP-GaAs _.a GP(x-O .6)
superlattices

M. D. Caryal, N. Holonysak, Jr.aind K. Hess .-t.'-
£iuc0 *aI or i i n ewd lant and Main cls Ra ctsh a a hicne Unratiot f Illiiops aisU,* -hmdu U~Iaa il n 61W0

M. J.Luos, W. = T.D , ando C. R., Lewis: cf o .:

-Data ar presented showing tha Zn diffuson into a sr'ained GaP-Gat, _ P. ( -0.6) _,.

the interdstben po As ad I (tan interchang ) at the heeriitefc,, thus resulting in abeta-

IN cent work on AlAs-GaAs and A, Ga - "As-GaAs tial-sbstitutiona Zn diusioen r a material such as
* supperlattices (SL's), -s well as on similar quantum well be. GaAs a closey ascited interstitial Zn, vacancy pair or .-.
* terostrucures (QWH's), has shown that the heterointer- "molecule" (Zn,, V) plays an important role in permitting ...
* faces, and thus the crystal, ar unstable against either Zn Al ad Ga atoms tointerchange.The Zn, V) pair or "mole- '

diffusion (500-400 "' or Si ion implantaton.' To explain cule" acts as a high concentration pseudovacancy that is ....
this behavior it has been proposed' that in the usual inteti- available for the Al-Ga interchange, particularly at a hete.. ,

,.. ,, .;*.. ,.e. ,, . ., . . . , . . . . , .. •. .,,,.. .. ,.., .. ... , . ...
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Continuous 300-K laser operation of strained superiattlces

MJ. Ludowis,W. T. OieftzandQ . Liwis
Cwpavt S* Staf LAhe~eAs Vaean Amdndae IepwWAt 611 Haen Wax Pak. Alta. CaIfriae

M. D. Canras, N. Holonyak, Jr., B. K Fuller and M. A. Nixon
Mw qwegu.ng Rmserch LaewsM and M&V W EL Ruwch Lahwk Ualu"fty fILW& aiat

U~an.-ampa~Uiban lilbwbd 61801

(Raeed 26 October 1982; accepted for publication 3 Januay 1983)

Continuous (cw) 300-K lase operation of a 66-peio lower energy GaAs-In8 Ga, -,As (x-02)
suraned superlattice (SL) and a higher mergy 128-period Ga~s, - P -GaAs (x-0.25) strained
SL danosrated.The stranedSL'swangrown by organometallic vapor phase opitaxy
(OMYPE) oir metalorpaic chemical. vapo deposition (MOCVD) with higher gap quaternary
confinting layers and La - 75 A baries a&W L, - 75 A quantum wells. Thee SIL's awe unstable
dud"n high level ecitation, falling in 2-20 min when operated cw at 300 K as photopumped

PACS numbers: 42.55.Pz, 78.45. + h, 78.20. - e, 78.55.Ds

* Essentially all heeotuture devices of any practical of GaAs-In, -Gl , .As SL's and Ga, Al, As, and P in the
merit have been constructed in latcemtce mv ye- case of GaMs, - FP -GaAs SL's This has made it possible to

*teams. For various reasonsit a mteretito comidmrheter- provide igher pap ln.40,a, -. ,As (x-0.1, y-0-6)
osrcue constructed in mismatched systems. Not the confining layers on the 66-perio SL with lIn. Gal -.8As

let of these is the fakct that high qualty binary substrate quantum wes and higher gp Al,Ga, _.,Ast _ P. (x-0-25,
are not available at all the interesting or desired lattice sizn, y-0.6) confining layersI on the 128-period SL with GaAs
wiand hence mismatche IN- layer growth in some acum- quantum, well
stances is inevitable- Also, in -ay case it is of some inter- A shallow-anglet I <0$)1 or slant cross section of the
est, for physical and band structure reasons (e.g., zone-fld- alloy well SL is shown in lFig. 1. At the bottom of the figure is
ing experimental' to grow (in thin laye form) one a GaAs substrate, which is followed by a thin In. Ga, -,8As
mismatched material on another. In addition. it is of some layer (g) linealy graded. fromx -0 (GaAs) tOz Mt0. ie., to
importance for generl understanding to establtish what limi-
taMons and cnsequences arise froim grwn heterostruc-
ptre with mismatched, and thus strained thin layrs. For
example, recently we2 have shown that a a&s, _.P. -GaAs
(x- 0.25) strained superlattice (SL) is capable of puised-exci-
tation photopuniped lser operation at 300 IK, which would
not be possible if a high density of defect exised at the large
number (132) of Ihmyerointerflices. Since a strained SL will
operate as a laser 2 an immediat unaered questin is
that of whether a strained SL is capabe of continuous (cw)
300K lsae operaion and whether the opeation and thus
the SL are stbl In this letter, we demonstrate the former,
but at the high excitatio level characteristic of ow 300-K
lase operation I(-10P A/rn 2) the luminescence decays ns
the strained SL degrades.

Two fundamentally different strained SIs, a 66-period
: GaAs-1nG&, ... As (x-0.20 SL and a 128-period

Ga~s, - P.-GaAs (x-.25) SL, have been grown for these
experiments by oracealcvapor phase epitaxy
(OM P!) or metalorganic chemical vapor deposition
(MOCYD).3 As for the case of highly uniform
Al,, Gal -,As-GaAs SL's grown earlier by VP!, in the pre- FIG. 1. ShaiOm-ens I <0.S51r semu i ofa 66-Mio astrioed SL con.-
sent case the crysta growth apparatus is electronically oper- seastn of L, -75 AIn.001 _ As zx-O.2) qua...n wells coupied by L,
ate and computer contrIolld The crystal growth is Ant -73 A GaMS berriem A fade region (0t of I11.08, _ AS 10C.M0. I) is
calibrated with respect to composition 4x) and growth rate At gon on a G& substrte (by OMVPEL. This is Mafowed by an -80M

flayer thickness) on eady examined thicker layers. Growth AInIa ,scaig yrfowtloergt.Th-.m
serened SL is next (assit arrowli, with = -MbA In.Ai,Oj _Asrates are typically 400 A/mm for these structuresnAisingialayer onotopap.The upper layers appear thicker

feature of the crystal growth apparatus is its capability for Warne of rounding of the -cormer" toruied by the delan c.rAm etin n
handling the four components Ga. In. Al. and As in the case the Water surface. I

47 AMp. Phys, Lot. 42 (6), 15 March 1983 00034" 1 /83;'060414J3801 .00 ID 1983 AnerfOan Wntiftue of Ptiyss 487
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Low threshold photopumped AlGa1 -As quantum-well
heterostructure lasers

R. D. Bumham, W. Stlrfer, and D. R. Scirm1
Xerox Pa1.k.t RAnwek Conr. NkPet. Ak CatOr ae 94304

N. Holonyk. Jr., K. lowa and M. D. Cam=rr
ZbcW imEiat Ajsseiv Labonawy ead Maoevfh Ruwch Labee'rey Unkwv,.finhukat
.' eae-Chm i~m . Urban. ll& 61 1

(Laceived 19 November 1982; accepted for publication 20 January 1983)

* Data awe presented an very low threshold phasopumped separate-confinement quantum-well
heter u Cte (SC QW) lems grow by chemical vapor deposition (MOCVD).
An unusually thin dalk quantum well (dL, S60 is nployed an th QWH wit the carriers
confined ("trapped") in the interior "clddi roeo which serve also as the optical wavegusie..
Excs carriers, which mfbtgeme or injected), are combied. in the thin interior cladding
regi (size Le - oo A) and, iiihis charge reservoir and waveguide region, ar thermionically
"emitted" bck and forth across t e well until scattered to lower energy m the well (A£- o)
and collected. Continuous (cw) 300 K photopuad lae operation ofbese QWH's is
demnstrated for very short cavities. For one QWH wafer las opertion Occurs at A- 7730 A
with a photopu ping threshold of 380 W/cm (q - 160 A/cut') and for another wafer at
A-7000 A with threshold UP W/cm,4 -410 A/cm2 ). The photopumped sample are as mm".i
as 20X 40am, thus making these laserthresholds (for such short cavity lengths) a factor of 3-10
better than the lowest prevousy reported.

a PACS numbers 78.45. + h, 42.3S.Px, 7L55. - m, 78.20. - e

LINI XICTHM can be used to advantage in a QWH laser. In this paper we

Recently a single quantum-well herotuure show that a single quantum-well heteroatructure a de-
(QWH) laser has been introduced that consists of an ultra scribed is capable of extremey low thrshod CatinuOUS
thin quantum wd (L, < 80 Al inserted into thecentweof the rMW (eV)
narrower ap thin interior "cladding" region (see inset of 1.6 1.7 ,"
Fig. 1).' This is an interesting and usd design bemuse the
laser waveguide properties are determined by the inter N"' -A"Gai-.,'-N"a'.-,A 0*'"
cldding portion ofthe structure (,) and the carrier w -a0 A. L U - 1

binatiou by die quantmwell L, which, in fWt, can be ECKIW -

much smaller in size than L, 80 A (the collectin limit of a I."
Gas quantum well conbed between thk AlGa, -,As -- 30

ler.1 In the central region of dimension Lr =0.1 IjAm (in- ?.O
set of Fig. 1) the excess injected or pbotogenerated dectrons
recombine or are collected in the well and then recombine.

*The injected carries are confined ("tmppudJ "nar the quan- 7
turn well within distance L,, and if an electro is not scat- C)
zered to lower energy IAR- Aw) and collected on its Amrst
excursion over the well, it will repeat the traversals until
captured in the well or until aiker along enough time itre M
c combines outside of the well fin the confinement region Le of .. "" ""

" Fig. 1). BDefore this occurs, however, the confined carriers
experience an increased probability of capture in the quan- di I(SO)
turn well because of being in a constant state of transport
(thermiouic "efmion") across the well. In mece, because 8.A 7.8 7.5 7.4 7.2 7.0 6,8
of•the carrier's multiple opportunities to scatter into the well, W. 4 .13A)
the extremely small well appears magnified in respect to car-
rier capture (and recombinatioo) but is not itself the source of
much absorption. In other words, the internal cladding re- FIG. 1. Law dbabaM cw 300 K N1O*, _As quunt.wei hewamruc.

Sion of width L, acts as a reservoir for excess carriers, In toeImf I[A -7730Aim GShw Icoolducom bd in the iseD The photo.
pumpd mpk 120 x 40pm am rac- thluhold at S mW oimm -e.d

addition, the very thin QW absorbs very little light in its pgpg lAr" low ,5145 A). Hofoat"poweris tmminttedtoaad
unpumped state and only very little current then renders it is facW oftth the ampl, or 390 W/cml,1,, - 160 A/crza. The dashed
transpareit. Thus an extremely small single quantum well curn Idi coapad to 77K.

2616 J. App. Rhys. 34 (6), May 1ON 0021 ,476/3/06161 ..06302.40 1) 153 Amfl MC Ikoftao of Physics 2616



LOW-THRESHOLD SINGLE QUANTUM Our purpose in this letter is to describe a similar laser with
WELL (60 A) GaAIAs LASERS GROWN the same reduction in broad-area threshold current density,
BY MO.CVD WITH Mg AS p-TYPE but employing MgS as the p-type dopant in both the cladding
DOPANT and active layers The structure, layer compositions and thick.

nosa are shown in Fig. I. The active region contains - 5%
Al and is 60 A thick; the inner claddings are composed or

Indexing terns: stwuouaducto' *evices and motennlst. Sam-i. - 300% Al and are 600 A thick; the outer regions contain
conductor klaier - 75% Nl.

* The letter reports low-threshold MO-CVD GaAIAs DH Fig. 2 shows typical broad-area light-output/pulsed-current
_ 7730 k) lasons contalining Mg as the p-type dlopansi. The (LII) characteristics at 300 K for two different cavity lengths.

structure consists of symmetric stepped index cladding layers For a laser 250 pm long and 216 pm, wide, J,, = 460 A cm '
on both sides of a thin single quantum well (- 60 A) active whereas 500 pm-long lasers of the same width have thresholds

reio. rod-esthrehl curn oeste (460 Ac a of Jh = 270 A cm ~.Although the Al constituted only 5% of
and270Ac= areahee o as~ e~b of 250 and the active layer, the 500 pm- and 250 pm-long devices latsed.-
500 pm respectively. Broad-area rooin-tempmnture laem smltaneously in several longitudinal modes centred at 7718

oupu ower ~ ,~ 1 and 775 A. respectively; the difference in photon energy

We repo"t low-threshold operation of a quantum well diode 300
laser whose p-side claddialg regions and active region ame w. 216 sim
magnesium-doped. Mg is expected to be more attractive than
Zn as a p-type dopant in GaAs and related 111-V compounds
because the diffusion coefficient of MgS is about 10' times L. a 250oW
lower than that of Zn in GaAs.' Zn has been shown' to s-J 1h -460A 1CM2

migrate in Gal - A1,As at low temperature and produce corn-
positional disorder at a Gal ..,AIs-GaAs interface. Mukai of IE
alV showed that NIg can be incorporated as an acceptor in 4-L 50Oijml 2
liquid phase epitaxy (LPE) grown Gal -.MUA, and that the ,Jtni 1 -Z7Alcft

resistivity of Gal -. Al.,As doped with Mg exhibits a low tem-.
peracure dependence. Wolf et at.' reported very low degrada-
tion tabout 10-' h-l at 100-120'C) GaAIAs DH (8800 A) -30

,xide stripe lasers grown by liquid phase epitaxy using Mg as
the p-type dopant in the cladding layer. Recently, a metalorga,
nic compound bis(cyclopentadienyl) magnesium (CsHs,)2 Mg
was reported to yield excellent results as a source of Mg in
MO-CVD growth.5 However, diode lasers grown by
%MO-CVD with MgI as a p-type dopant have not been repor-
ted. 1

Tsang-%and Horsee or al.' have used a graded aluminium
fraction (x) in the Ga, ... As optical cavity cladding a quan-
tumn well active region9*co to substantially 'reduce the broad-0
area lasing threshold compared with a conventional double puse 02r0n. 0A 0ISM
heterostructure laser. The lasers were grown by MBE'-' with .Ij~ceei

undpedactve nd radd caddng egins nd y lw- Fig. 2 Pulsed room-temperature LU Icharacteristics for a symmetric
pressure acv with Znras caddp-typegoan.sn ayow- step index Ga, .41,4s sanqke quantum, well heterostrnucure laser diode

presue M -CVD it Znasa pt e oat.' Usin we withZ, f m- and 500 ,am-ionq carity lenqthsspheric pressure %IO-CVD in a verticalreco.1-3wto 
Ihave grown and characterised broad-area lasers with a similar between the lasers and the bandgap of Ga,0 Q,Al,,.,,,As is 2:

structure.t These devices contain a symmetric step index in 120 meV, which results from the quantum size effect.''.0 ,1" In
the cladding regions (in contrast to graded index layers"~) particular, this energy is in good agreement with the lowest
bounding a single quantum well that is not intentionally confined carrier transition. The theoretical lasing wavelength
doped. Threshold current densities below 300 A cm were for a transition from an n - I electron and alight hole, in a
measured for various well thicknesses between 60 and 200 A. 55-60 A quantum well with a barrier height of 310 meV. is
All these devices utilsed Zn as the p-ype dopant. 7775-7845 A. This indicates efficient carrier scattering into the

q -,Y.o pit P~ pf well, enhanced by the particular symmetric stepped index
pornt cofltwweu = a n*Ir conhinr cladding layers. Moreover, the wavelength difference with

1 0Y1 yff O~fflaser length arises because the peak gain of the quantum well
laser may shift slightly with active region charge density. We
also note that the differential efficiencies of the Z50 Aim and

070'-500 pmn length lasers are approximately equal. This result.070r which is similar to that reported by Tsang., indicates that
__ either the internal losses are negligible compared with theh facet transmission losses andy or the internal efficiency q~, de-

-0510 creases with increasing active region charge density
E (corresponding to reduced laser length). Indeed the internai

0a 1.0 - losses may well be small, but we believe it more likely thatI carrier leakage effects"' are responsible for a decrease in the
0030F -.- apparent internal efficiency. It is also posisible that circulating

601 modes.. are present and act to reduce ,

60I aciv regio Fig. 3 compares the light-output current i L I characteristic
3!0h for the laser with a 250 Aim-long cavity and a -'!6 iim-width

___________________________under pulsed and CW operation. Under pulsed conditions.
100 ickmess I., 300M mA and the differential quantum effciency is z

1 Wssrat~q te i,,uondt ildtnhdm ~67'- For CW operation I.. -- 510 nA and the ditterential
Fig. kneisnf !oraverse quantum efficiency is 25... The reduced differenuita 4uan-

tumn efficiency under CW :onditio:ns 's probabl% a onse-
'4*LR'.HAv. R D0. ci(FR.S. 0 R.. And STREIEt. .V: Unpublished results quence o~f ilaser heatiniz. Ljs~er t i ncrai %! -kith
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Disorder of AlAs/GaAs supelattices by the implantation and
* diffusion of imtpurities

N 0 Cow".s J J Coleman, N Nolonyak, Jr.. and K Hose

Electrical Engineering Research Laboratory and
Materials Research Laboratory

University of Illinois at Urbana-Champaign, Urbana, IL 61801
USA'I P D Dapkus* and C G Kirkpatrick

Rockwell International Microlectronics Research and
Development Center

Thousand Oaks, California 91360, USA.

Abstract

Three methods are examined for disordering AlAs-Ga&s superlattices
(5.' s) grown by mtalorganic chemical vapor deposition (ICD:Zn
diffusion, Si ion Implantation and Zn ion implantation. Disordering
occurs In a binary SL. 'sen the ordered structure of alternating ALMs
layers ad GaAs layers is scrambled to form a compositionally
homogeneous alloy of AG. 1 s. Each of ,the methods permits
disordering of selected regions; and each has its oan characteristic
attributes.* The concentration of Zn necessary to produce disordering
Is estimated and models for the enhancement of AL-Ga intardif fusion by
the formation of Inpurity-vacancy molecules are discussed.

1. Introduction

In recent work e have shown (Coleman at &1 1982, liolonyak at al 1981,
Laidig at L 1981) that the structure of quantum-well heterostructures

r.. (QW) and superlattices (SL) containing alternating, thin layers of the
binary compounds ALMs and GaAs cam be fundamentally altered at relatively
low temperatures by Impurity incorporation. In selected regions
delineated by photolithographic techniques, the presence and movement of
impurities such as Zn and Si cause the sharply def ined alternating layersof pure AlAs and GaAs to intermix. resulting in disordered Al.Gali..xs
The composition paramter z, of the resulting alloy depends on the
relative thicknesses of the original AlAs and GaAs layers. In earlier
work, we described the observation of this disordering phenomenon occur?-
ing in AlAs-GaAs superlattices grown by metalorgantic chemical vapor depos-
tion (HCD) (Coleman et l 1981) that have been diffused with Zn or
Implanted with Si ions. For both of these species the temperaturet
(diffusion temperature or Implant anneal temperature) at which disordering
occurs is much lower than either the original growth temperature of the
layers (- 7501Q) or the temperature at which thermal disordering is known

*Present Address: Department of Electrical Engineering, University of
Southern California, Los Angeles, California, USA

V 030S-234615310065*0233 50-25 0 1983 The Institute of Physics
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e tg Tide A simple model for the index
A simple model for the Index of refraction of GaAs-AlAs superlatices
and heterostructure layers: Contributions of the states around r

J.P. LeburtonandK. Hess

D e nt of E1 tyieu Eqnewing and Cood d Sino Labomwoq. Uniwpsity ofllUnos at Urbana-

c~nimpW~ Urbana Moo&si 61801

(Received 18 January 1983; accepted 3 March 1983)

We present a simple theory of the dielectric function in superlattices. The calculation is performed
separately for different symmetry points of the band structure We assume that among the
contributing states only the F staun are ifluenced substantially by size quantization and the
electronic states at F are calculated by using a simplified k.p method. New features of the
dielectric constant of superlattices are a fine structure due to zone folding (subbands) and a small
anisotropy due to the lower symmetry. Except for these finer details, the index of refraction of a
superlattice is well approximated by the corresponding constant for an alloy Al, Gal _,As where
X is the averaged Al mole fraction of the superlattice.

PACS numbers: 77.20. + y, 78.65. - s, 77.55. + f, 78.20.Dj

1. INTRODUCTION Therefore, we introduce a model for the dielectric con-
Although some experimental results have been reported, 1-2 i stant which considers differently contributions from F and
the dielectric constant (index of refraction) of superlattices: other transitions such as X and L. The F valley is treated by
and heterostructures has not yet been investigated theoreti- the k-p method. The influence of the superstructure (using a
cally. This paper addresses two major issues. First, we exa- Kronig-Permey model) is only included for the states at F.
mine the modifications of the dielectric constant by Sim. Although thestates aroundXandL also are shifted, theshift
quantization and by the amisotropy introduced by the lower is weaker because of the larger effective mass and because of
symmetry of the superlattice compared to the host material. the parallel curvature of valence and conduction band. We
Secondly, we determine theoretically the absolute value of did not include these contributions in this preliminary study
the index of refraction, which is essential for device applica-, since there are only few experimental results of the X and L

" tions. Recently Holonyak and co-workers3 ," have shown shifts available.
tht superlattices can be selecrvely interdiflused generating We are currently developing a more rigorous treatment
patterns of AlGaAs alloy and GmAs-AlAs superlattice re- which includes the energy changes at L and X in the samei

1pons. The experimental findings show that the intermixed way as described below for 1. The changes in the contribu-
and the superlattice regions exhibit differences in the dielec- tions of the third valence band (spin-orbit splitting) to the:
tric constant band gap and electronic properties. The o-. dielectric constant have been estimated to be small and, for'
vious potential of these structures for applications in inte. the time being, neglected. In spite of the oversimplification,

S grated optics makes the detailed knowledge of prameters our model still describes the experiments on the index of
determining the dielectric constant and especially the index refraction quite well and shows the physical significance of
of refraction desirable. Unfortunately, the simplest ap. the various contributions.
proach. the Penn model.' cannot be directly applied to a T
superlattice structure for the following reasons. It TRANSVERSE DIELECTRIC FUNCTION

(i) The Penn model considers only two bands having a In discussing the optical properties of superlattices, the
peak in the density of states at the band edges. The dielectric transverse dielectric function elqc) is adequate to describe
constant of a real semiconductor contains major contribu- the response of electrons to a transverse perturbation such as
tions from several symmetry points within the bands. These an electromagnetic field. In optical experiments the wave
points are shifted (quantized) differently by the additional vector q of the photons is very small and therefore, will be
periodicity of the superlattice. approximated to be zero (long wave limit). Then, in the re-

(ii) The Penn model has spherical symmetry while the su- duced zone scheme, the real part and the imaginary part of .. .

perlattice has cylindrical symmetry. the dielectric constant are given by6

* ~ReemJl I~ -+ k,~.pkvma 'cZ'lk E" k, -Ek,.)[(Ek -E,.)- &] ' :"'':

and

_[mg ,wg - - (kf,c;ii.pk,,v)c5(EkC -Eh,.. - oiVk(l - , (2)
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CARRIER DENSITY DISTRIBUTION IN MODULATION DOPED
GaAs-AL.Ga,-.As QUANTUM WELL HETEROSTRUCTURES

T. C. Hsiu 1. HM~ and J.3J. COLEM
Eectrical Enmueesburch Laboratory sei Material eerch Lasury. unisy of Ilisoi at Uwbea- -

Chempeip. urbees. IL 61MI. U..A

and

P. D. D4U'IM
DePartmeat of Electrical Eaglomenn&g University of Sahere Calformw. Los Ampla. CA 56W. U.S.A.

(Receival 4 December 1982. in regisod jon. 20 May 156)

Ahgrues-A teoretical mode for the disubaice of charWe ceirier at the intuaCe G1 a dope Al.G&,-.Aa-
mndoped GaAs heterosuctar is evainted. Asumiag a uiaenle pottal wel at the iateface we obtai

.mical. ure descibiag the Ferm energy depleuio width a the alloy. and avengsa atio, of psie
ad carer. ad the eectro denty at the inurface au funtion of ely a coinposita ad dopin lel Th
resubt obadned ca be applied to multiple heteoinerace *masm wef eterosanosme ad sprladc as weL
CWri cowmcenun proille dia an a 5-laye mulaime dope QWII pm by UOCVD are preeil ad arm
discussed usin the results of the modeL

Modulation doped GaMs-Al.Ga....As qmetum well Using the notation shown in Fig. I and assusmn donor
ete0on==tue (QWH) hmv found a variety of ap doping in the AMGa,...As barier layers and unin-

plications including lauer(I] ad high mobility tentional backtground doping levels in the GaAs wells, we
trnsstr(24 Thoeia models for tlie charg is obai th passons equatine;
tribution. depletion wid& me quanuiuton eflects etc.
ame availablet3.41 bin have not been evaluaed in much dd *-
detail for modulation doped GaAs-AL.Ca,,As amc- - N0, - , <:~0

tures. In this note we present a model for the electronic
equilibrium properties of a modulation doped QWH (in. d,6 E
chiding size quantization effects) whc is simple enough ; - NAZ+N(IO 1 ' 4a:)d O<. <l,
to be applied to actual device structur'es and we compute /3
the Fermi energy, depletion layer width (in the
Al.Ga,-.As), impurity-electron distance and other im- From chag neutrality and the band strucure of Fg. I.
pottant parameters, as a function of doping concentraktion we get
and alloy composition for a single heterointerface. Many
of the results thus obtained wealso vaid for multiple LN -4N;Z +No (4a)
heterointerfaces and supertattices. We show that these
results can be used to approuately predict the average E(1) -(Ea -E())u4,- E, -E2 (4b)
distance of the electrons from the interface and, thee
fore, the basic characteristics of carrier concentration Er (E, - E(L))-E, (4c)
profies in multiple quantum well heterostructure.

Shown in Fit. I is a typical energy band structure where
which is used to develop the model for a single interface
of a modulation doped QWH. The simplest aW . mkT EIn (iF x (
proximation for the self-consistent potential at the inter- Vrk
face is a triangular well (4. fl. The solution for the
envelope function 4(:) of the electron wavefunction, K~, -- N Eioi~~.A t
and the quantized energy levels have been given by *) (;\F,
Stern (51:

r~n(113,' 0-A I ~.)*~NR (Sc)
~..C.Aiijr; k eFJand

E. eb) ( vF, (,)6) (2) eF, a!(No R -A2).W
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Direct observation of lattice distortion In a strained-layer superiatte
J. M. Brown nd N. Holonyak, Jr.
EkettCal Eagquasq tasock Labswear. and Materials Rsuach Labepugo. Unimuir olf ide.. at

Urm-Caa~.~U,*.an filhngi, 61WO

* M. J. Ludowin, W. T. DI0U0 and C. R. LewiS
CWpWMs Solid SIMt Labsaaey Vian Aalt Incorporated 611 Hanaen Way. Palk Alta Ca bnuia
94303

(Received 9 June 1983; accepted for publication 17 August 1983)
The structure of strained-layer quantum well geeotut rown by metalorganic chemical

* vapor deposition has been examined using both conventional and high resolution electron
micoscpy.It has been posible to show that the lattice, mismatch in superlattice system

* continingstrain of up to 7.1 X 10-3 is acomdted by the introduction of a tetragonal
ex anso and compressio of the latticie of successive layers. This can be seen in the splitting of

* ~the (001) spots in the electron diffiraction Vattern and by the bending of (I 11) lattic ftines at the
heteojuntioninterfaces.

PACS numbers: 68.48. + f& 6l.70Jq, 61.5O0r 61.55. - x

It has recently been shown that a strained-layer super-
lattice (SL) can be grown free enough of defects (dislocations)
to make possible stimulated emission.'ITh risults presented-
in this letter were obtained on crystals grown by nietalor-
ganic chemical vapor deposition (MOCYD) that have been
shown to operate as continuous (cw) 300-K lasers when pho-
t opumped with a 1006mW Ar' laser (5145 A)2 The photo-
luminescence from a photopumped sample made up of 150-

AInO.2 Gaftg AS quantum Wells and 150A GaAs barriers (66

periods) grown on a (10 assbtaeis shown in Fig2-

been shown to operate assa cw lse for 5 min (high excitation
level, J - 101 A/cm2) before failure occurs a network of
dislocations being visible in the excited regiona.2' The re-
suits of an electron microscope study of a variety of these
strained-layer superlattices are presented here. These results

* show the defect-free nature of the heterointerfa and the
uniformity of the layers. Of particular interest, high resolu-
tion electron microscopy in conjunction with electron dif-

* fraction has been used to examine the manner in which the
lattice mismatch is accommodated. The strain-produced

* distortion of the lattice is shown directly by lattice imaging -

* and by diffraction measurements.
* The SL crystals were sectioned normal to the plane of

growrth C( 1001 plane] so that the layers are visible in cross FIG, .ITEM micropaph of a GaM,, P,, -In, Gsa.,As Superlatrice
section. the electron microscope specimen normal being a keio a (101 pole indicating the uniformity of the, I001 layers

$463 A001. "_,s.Lett. 43 (9), 1 NoverAWe 1963 000346951 /63/210663.03S100 E. 1963 Ariencan Insttto of Ohysics 863
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OEFECT STUDIES IN STRAINED-LAYER QUANTUM WELL HETEROSTRUCTURES

J.N. Brown*. N.E. Nochel**. N. Holonyak. Jr.***, M.D. Camras***, N.J.
Ludowise, W.T. DIetze+,and C.R. Lewis+

*Dept. of Metallurgy and Materials Research Lab., Univ. of Illinois, Urbana
**Naterials Research Lab., Univ. of Illinois. Urbana, ***Electrical Eng.
Research Lab. and Materials Research Lab., Univ. of Illinois. Urbana 61801
+Corporate Solid State Lab., Varian Associates. [nc., 611 Hansen Way, Palo
Alto. 0% 94303

The epitaxial growth of Tismatched or stiained 111-V layers was shown to be
viable as early as 1960. Osbourn et al suggested that strained layer GaP-
GaAs1  Px superlattices grown by organo-metallic vapor phase epitaxy (OMYPE)
coull -e used to fold the Brillouin zone and make indirect-crystal direct.
ore recently, it has been shown that a strained-layer superlattice can be
grown free enough of defects at heterointerfaces to make possible stimulated
emission. This has been demonstrated on ONVPE GaAs, xPx-GaAs (xw0.25) and
GaAs..nxGal.xAs (x-0.2) strained layer superlattices which have been operated
as phqtopuqped continuous (cw) 300K lasers but which at high excitation levels

( lO'Acm " ) prove to be unstable. This paper presents the results of an
electron microscope study of the defects produced in a GaAs-,n xGai.As
strained superlattice as a result of high excitation levels of operation.

The strained superlattice was grown by OMYPE, the crystal growth apparatus
being electronically operated and computer controlled resulting in a highly
uniform superlattice (SL) as is shown in fig. 1. A GaAs substrate was used,
then a thin layer of InxGa - As linearly graded from x-O (i.e. GaAs) to x-0.1
i.e. to the average composion of the superlattice. An 850A confining layer
of InxAl Gal..x As is grown prior to a 66-period GaAs°In.GaI.As (x-0.2)
straineasuperlittice. This represents a strain of 7x10
The specimens were photopumped with the 1OOmW or less output of an Ar laser

(5145A). Regions t4erefore existed within the material which had failed due
to damage. Specimens were sectioned perpendicular to the growth direction and
then ion beam thinned for examination in the TEM. Another specimen in the
plane of growth was later prepared in a similar way. Regions containing dis-
locations in the graded layer were found in the undamaged areas but they did
not propagate Into the superlattice which was virtually defect-free (fig. 2.)
This type of dislocation was also found in the as-grown material and implies
that it is possible to grow defect-free layered structures on a substrate that
contains dislocations. In the areas of the specimen which had failed, dis-
locations could be seen running from one superlattice layer to another as well
as along the interfaces between the layers. This is shown in fig. 3. The
dislocations had <110> Burgers vectors which is the primary direction in
diamond cubic structures. A specimen taken in the plane of growth clearly
showed the dislocations produced by the photopumping. Hig4 densities of
dislocations wore centered around the path of the photoDUnping laser separated
by regions of perfect crystal (fig. 4). These damaged regions were -iSum
wide and separated hy - SOO, m. This corresponds well with the diameter of the
focused laser beam and the separation of the laser damaging passes.

The failure of these strained superlatticei can therefore be seen to result
from the introduction of a large number of dislocations due to laser oper-
ation. It should be noted however, that defect free, highly strained super-
lattices can be grown by OMVPE. These fail when used at high levels of
excitation but they lay be useful if used in de~ices requiring low energy
drive levels below that at which damage occurs.

10
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* Photopumped low threshold Al,. Gal ..- As-Al,,Gal A-Al, Gal ... As
WxM 0.85, x**-- 0.3, x = 0) single quantum well lasers

M.D0. Camnrae N. HolonyK.Jr., andM. A. Nixon
* ~~Eletvfed Enghmng Rmerch Labaeutovy amd Metau l Reavh Labovaey Univrsty of Illinoi at

Usban@-Chsmpaign Upbane Illinois 61501

R. D. Burnham, W. Streier, D. R. Scifres T. L Peoak and C. Undsvtrn
Xwro h6l Alt ResAearch C~t, Palk Alta. Callfowia 9430$

* (R~eceived 20 January 1983; accepted for publication 16 February 1983)

* Data are presented showing that it is possible to photopump and operate a quantum well
heeostructure lawe at equivalent current densities V$.) as low as 70 A/cm2.Continuous 300K

Ia operation of a single 60-AL GaAs (x =-0) quantum well in the center of a -0. l2.-an-thick
x' -0.30 Al,. Gal -, A waveguide (and carrier reservoir), which is confined by x' -0.85
Al,. Gal -, -As layers, is demonstrated at Jq -. 4mA (168W/CM21jq_7 /M) hs

1 -0 ,~ -70A/cm-).Thes

quantum well heteostructura are grown by organometallic vapor phase epitaxy.

* PACS numbers: 42.55.Px, 7S.2OJq, 78.45. + hs, 7S.53.Ds

Since the Anrt construction of semiconductor lasers' been achieved by resorting to a variety of narrow stripe con-
and then the demonstration of continuous (cw) 300-K oper- figurations,7 and this, and not particularly low current den-

ain a continuing goal has been that of reducing the sities, ( - 101 A/cm2'), has been mainly the basis for cw 300-K
threshold current density Jib for continuous (cw) 300-K op. semiconductor las operation. A more fundamental ap-

*eration into the range of normal power devices, say, proach to improving semiconductor lasers is to employ a
(x' -100 A/cm. Low operating currents, as such, have quantum well active region (see Ref. 8 for a reviewl. Recent

761 A00. Phys. Lett 42 (2), r May 1983 0003-957/03/090761-03S01.00 1983 Ameran Institute of Physics 761
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100 mW CW ROOM TEMPERATURE, 6pm SHALLOW PROTON
STRIPE GaAIAs SINGLE QUANTUM WELL VISIBLE DIODE

LASERS

R. D. Bumham, C. Lindstr~m, T. L Paoli, D. R. Sclfres and W. Strelfer
Xerox Palo Alto Research Centers

Palo Alto, CA 943D4

N. Holonyak, Jr.
Electrical Engineering Research Laboratory and

Materials Research Laboratory
University of Illinois at Urbana-Champaign

Urbana, IL 61801

Abstract

CW room-temperature laser operation at 7300 A has been
achieved at power levels up to 100 mW with a Ga l.xAlxAs
(x -0.22), -300 , thick, single quantum well double
heterostructure (SOW - DH) diode grown by organometallic
vapor phase epitaxy. The proton-defined contact is 6 pn wide,
and the front and rear laser facets are coated for anti-reflection
and high-reflection, respectively. The CW threshold current Is
86 mA for a 250 pm long device, and linear output power vs.
current characteristics are obtained up to 100 mW with an
external differential quantum efficiency of 1 W/A. CW output
power exceeds 13 mW at 100"C. Between 25-550C, the pulsed
threshold current varies with temperature T as exp(T/To) where
To -187 K.

Visible light-emitting semiconductor lasers with desirable properties
such as high CW output powers and linear L.I characteristics are useful as
sources in printing and optical memory systems. Gain-guided room
temperature CW laser operation of (GaAI)As diodes emitting at
wavelengths shorter than 7500 A has been reported from devices grown by
both liquid phase epitaxy (LPE) [1] and organometallic vapor phase epitaxy
(OM - VPE) [2-4]. CW lasers grown by LPE [5-7] with built-in refractive
index changes along the junction plane have also been reported to emit at
wavelengths shorter than 7500 A.

Clearly, there exist compromises between high power output and short
wavelength. Among the highest CW output powers reported for "visible"
diode lasers are those of Refs. 2 and 5 for gain- and real-refractive index

,'. "..'. °..% % *.,° % " .. . " .. -. % "..' % ". %• ..................................,...............,-....... . ,,.... -.-....-..
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a w room-temperature operation of GaAIAs single quantum well visible (7300
* Adiode lasers at 100mW
* ~R. D. Burnhim C. UnditOM, T. L Peal, D. R. Sclfrm, and W. SiMil

N. Holoyk Jr.
ZbescuWI gkmwfa Awnrch Lebswwy ad Maeneb amfth Laewvw7 Ubmay of iftuea at

(Received 3 March 1983; accepted for publication 16 March 1983)

100-MW room-epear ow aroerto at 7300 A ha been achieved ini a Ga, -. Al. As
(x-0.22, -300 A thick, single quantum well double heteroatsucture diode grown by

ormnmtaflic vaporpb- epitaxy. The proto-deietdsrp otc is 6pim wide, and the
* ~~front and rea laer facets wre coated for antirelluction and high refection respectively. The cv

threshold current is 86 mA for a 230pulm-long device, and linear output power versus current
caatrstics ase observed up to 100 mW with an external differential quantum efficiency of I

W/A (59%). cw output powler t ed 13 mW at 100 -C Detee 25-55 -C the pulsed threshold
current varies exponentially with temperature Ta ezp(T/Tj, where T,- 187 IL

* PACS numblers 42.35.Px
* ~Visible light-emittig semiconducto laser with dewi- with the use oft projection mask .a..er Followingdevelop-

able properie such a high cv output powers and liner L-1 umt, the wafer is proton bombarded at 100 keY to produce
characteristics are uaedl a sources in printing and optical damage to a depth of -I ism in the regio outside the
memory systems. Gin-pgided ro pear Ow la masked stripes. After polishing the wafer, Cr/Au and AtaGe
operation of (GaAl).Asioe emitting at wavelengths contacts are applied to the p and ns sides, respectively. The
shorter than 7500 A, ha been reported for devices grown by wafer is cleaved into 250.pma-long bars and diced into chips
both liquid phase epitaxy (LPE)l and organometallic vapor
phase eptaxy (OMVPE)2- cw laers grown by LP~s'-with
built-in refractive index changes along the junction plane 100
have als been reported to emit at wavelengths shorter than Ga, ,1Al*,As/G,gAI.,A$/
7500.GgIM~A

Clearly, there exist compromilies between high power Z- 30
output and short wavelength. Among the highew output W 30K
powers reported for "visible diode laers; are those of Refg 2 - 7300A
and 5 for gain, and real-refractive index waveguide devces *5
respectively. As reported = 18 mW were obtained at 7410 A
in Ref. 2and 7250A in Ref. 5, and bothaWerwere close to
the limit imposed by catastrophic facet degradation. In this .

* letter we report cw room-temperature operation of visible
GaAIAs (- 7300 A) OMYPE-grown single quantum well
double heteostnucture (SQW-DH) laser at 100 mW. The a

diode structure consists of nine epitauial layers grown suc-
* cessively at 775 TC by atmospheric pressure OMVPE in a .

vertical reactor similar to that used by maaaervit, and Dii.
puis et al.' The layers are (a) x-GaAs buffer, 0.4pim thick, Se 0-

*doped -I X10" cm-', (b) n-Ga.,A6 1sAs, -0.4 pm o
thick, Se doped -lX lO' cm-3, ccc n- ,1 4 s -1. . .

pm thick, Se doped _S iO' X 07CM-, (d) x-Ga, -,AI,As 25
where y-0.85, - 1.3 pm thick, Se doped - 3x 10' CM-3,
(e) undoped Ga-, A, As where x-0.22, L, -300 A,(t-
Gal ,AlAs where y-0.85, - 1.25 psm thick, Mg doped
2X10a cm-3, (S)p-Ga%.Al0 .,As, -1I pm thick, MgS doped

IlX 10"' cm--, (hJ p-.G%, 5 AJl01 As, -0.4 pm thick, Mg
doe -x10R)' i p-GaAs, -0.2pum thick, Mg 0020 40 60 loo 120 140 160 180 200 220

doped greater than 4X 10"cm-'The useof Mg asap-type
dopant in OMYPE growth was first reported by Lewis et CRET(A
aL.,'0 and more recently by Durnham et at" and Linditrom FIG. 1. cw room-temperature L /I characteristics for a Ga, .A], As

etal' Atergroth.thewafr ismased ith-4p-thck W-DH laser diode with L. - 300 A and x -0.22. The pumping stripe.
et a2 Atergroth, he afe ismased wth 41m-tick which is proton delineated, is 6,pm wide aind the laser cavity length is 250

photoresist, and 6-pm lines on SOO-Am centers are exposed pm

V 937 ACVd y. Let. 42 (11), 1 .Jia I963 0003-6961/83/110937-03801 00 E 1983 Amnerican instatut* of Physics 937
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High pressure measurements on photopumped low threshold AlGa, -,As
quantum well lasers

MO0.Cafm N. Holonyk. Jr., old J. J. Colema
11cW qomupf R~wa Lawuaeey and Maries Rawek Laheiwar Unhwir of Illneb at

Uv~va.hswpep.U4014a Illh"t 61801
N. CL ODrikamer
S&ad VCThuxku Sdeace and Mearlis Rwmich Labeww UnAway akfI1Lak at Urbane-
chmqPRO U,*sma. Mks&uu* 6180M

R. 0. Bwnhkm. W. StWr D. R. Scifres C. Undatrm, and T. P. Peal
XOWP1 MAho Rwmh Cair. Pak Als Cal~fru PEJXEI (Rnceved 3 March 1983; accepted for publication 25 April 19831
Dam ame presented an the can aso (ew) 300 K photopsumped laseroperation Mat low threshold
AlX, Gat-, ~ As-CvaMs~ -0.30) single quantum" wellhterorutre~qumntumt well smeL, -60
4) subjected to high pressure (0-11 kbar) in a simpleopposed anvil apparatus. Beyond -1I1 kbar

wher th cetra Al, Gat -, As waveguide region undergoes a direct-indirect transition and
the waveguide confinement begins to weaken and deep levels tend to become importt the lase
threshold inrasma rapidly and "quenches" cw 300 K operation. Pulsed 300 K photopumped
laser operation ofan undopedl 121-period Al. Gal -, As-GaAs (x -0.5) superlattice in the
pressur range from 0-11 kbar is shown for refernce The pressure coeftiients of the quantum
wvll heterostructure aid the supertnice laer are comparable (II meV/kbar).

PACS numbers 62.50. + p,78.45. + b.78.20. - eA42.55.Px

L IN I ODUCTION Al;', Gal.; As and on the other side by - I lm of Mg-
High pressure has been known for some time as am doped ( 0/m)"-.5Al"G,-,AsTeS

*venient metliod to std th adsrat fbl 1. which is undoped and cosssof 121 periodso ML. -85A
201111 Most recently high pressure has ben used GaAs wells and L I - 30 A Al. Gal . As (x -W.) burion,

to investigate the behavior of quantum well heterostructure an is caal of CW 300 K lowi operation," has been cali-
* (QWH) lase (diode) emission2 and suiperlattice (SL) abeorp- bratod in earlier high pressuren absorption measurements

tion.' Unlike previous work, below we decl hig pre -115mVka) ntepeeteprmnsteS.
suremeasremnts n etremly ow tresold i~. which is known to be "well behaved" in hig pressure ms-

tum well Al, Ga ,' As-GaAs lasers" that ahown here, rmnt~li used for the sake of comparison. Both form of
can be operated continuously (cw) at 300 K by photopump- samples wre stripped of substrate and contact-layer GaAs by
ing in a simple opposed anvil apparaus This type of semi- polishing and selective etching. The bare (100) samples (S 2
conductor lae operation (photopumped, ow, 300 K at high Am thick) are cleaved into small rectangles and are photo-
pressure) has not been previously desmonstrated and has the pme iha r ae 54 )
obvious advantage that doped or udpe samples can be The small rectangular experimental samples are sub.

*compared. We show in the present work that ultralow Jected to high pressure in a simple opposed-anvil, apparatus
threshold (ow, 300 K) QWIH samples, with a single undoped that is driven by a differential screw. One of the anvils is a
GaAs quantum well located in an Al, Gal _..,'As (x' -0.30) 0.250-in. diam. 0.250-in.-thick sapphire and the other is po1.
waveguide (and carrier rftervoir) " becomet diftiult to ishied tungsten carbide of 0.125-in, diameter The samples l-

* operate: in stimulated emission at pressures corresponding to themselves are prelade in a 0.030-ia-thick Be-Cu gae
* the F-I bend crossover of the barir and waveguide region, that has a 0.024-4m center hole filled with Au. Because Au is
* The pressure coefficient of the low threshold QWH (laser) soft, does not work harden, and does not oxidize, it is used as

crystal is shown to be comparable (-1 I1.meV/itbar) to that of the pressure transmitting "fluid". Once the samples are
photopumped undoped SI. samples. loaded onto the Au, they are "locked" in the gasket center by

a small square (0.030 x 0.030 x 0.004 in.) diamond beat sink
11N. EXPERIMENTAL PROCEDURE and window that is compressed into the Be-Cu gasket. This

gasket assembly is then easily introduced and centered
The QWH's and SL's of interest here have been grown between the anvils,

by orgatinetaic, Vapor phase epitaxy (OMVPE).6.7 The The samples are photopumped (under pressure)
low threshold QWH' consists of an undoped single GaAs through the sapphire anvil and the diamond window. The
quantum well of thickness L, - 60 A centered between two samples with the diamond on top, after a compression cycle
barrier layers of fL4/29-600 A AI,'Ga, ,'As (x'-0.301 to over I I kbar and then backto 0, appear as shown in Fig. 1.
which sev asacrirp eervoir andf optical waveguide re- (Most of the dark specks are laboratory dust and rubly"dust"
gion.' This - 0. 121pm "active region" is confined on one side as no special precautions have been taken to establish
by I pmn of Se-doped 1- 3 x10 7 c' x08 clean" conditions.) The (a) sample is16 im wide and is the .'

4M6 J. Apoi. PhM 1(8). August19413 0021 .979/83/0>64386.410240 J0 1963 AMeWIcu fnstOut of Physics 436
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Wavelength modification of AlGa, -,As quantum well heterostructure
lasers by layer Interdifuslon

M. D. Canvas and N. Holosyk Jr.
U4.as-A~mp~iu b U*Ililneds 6IU801~

R. 0. Bumham, W. Stref, 0. R. ScdfmaT. L PaokandQC Undert

(Received 9 May 1983; accepted for publication 17 June 1983)

Dam arn presented showing that thermal annealing (875-900 'C) can be sed to modify the
wavelengh of a photopumped, low threshold Al, Gal -,,As quantum well heterostructure
1QWH) laser fom - 8200 to - 7300 A with a threshold change from 150 to 1700 W/cm2. The
energy levels of the annealed single quantum well crystal are approximated by fitting a modile
Pdschl-Teller potential to the band-edge profile as modified by layer (Al-Ga) interdiflusion. The
layer (Al-Ga) usterdifusion coefficient (at 875 *C) is found to be smaller, by a factor of 3-4, than
previously reported. We suggest that this is due to the high quality, iLe., low defect density, of the
ultralow threshold QWH crystals of this work.

PACS numbers: 42.S5.Pxc, 66.30.Ny, 81.40.Tv, 71.50. + t

1. INTRODUCTION ceeding figures. (See also the inset of FWg 2.) The lower pert
rbRecent work'-' on quantum welhtrsrcue of the figure is the GaAs substrate The arrow labelled QW

(QWH) grown by mealorganic chemical vapor deoiin indicates tbeL, - 75 A GaAs Ix - 0) quantum well, which is
* MOCVDe'4 has shown that it is possible to kocat a small centered in the L -0. 12#m, x'-0.3OAl, Gal...As car-

Gags wenl L, <80o A) in an Al, Ga, -A2x 03)wve c eevi' and waveguide rlegion. This region is identi-
guide region (L,,-0. 12 p~m), which itself is confined on ci. fled by a pair of arrows and with the label L,. The x -0.30
ther side by - 1pmi ofx* -0.85 Al,. Ga, -,. As (Fig. I and. waveguide region is confined on either side (top and bottom)
the inset of Fig. 2) and observe very low threshold photo. with L/2-~Ipm of x'-0.85 Al.Gal -...As. The outer
pumped laser operation. Specifically, on such a QWH it is edges (0.2-0.3 pm) of the confining layers are heavily doped
possible to achieve continuous (cw) 300 OK lase operation at 10-lO'/cm3) with Se, but this is not particularly important
equivalent current densities as low as 1,(th) <100o A/cm2. for the experiments of interest here. lFinally, on top of the
The properties of these low threshold single quantum well
lasers are described in some detail in Refs. I and 2. Beyond
this work, however, a further important feature is apparent:
For a QWH with a small enough single quantum well active ________________

region (GaAs), it should be relatively easy to thermally an- A.a..C.SAXGl..~A.I~l.,A
neal the crystal and shift the laser wavelength by layer inter-
diffusion, i.e., Al-Gas (barrier-well) interdiffusion. The Al-
Ga interdufultsion causes the initially finte square well (inset ________________

of Fig. 2) to become rounded (smoothed) as shown in Fig. 3
into a shallower Al, Ga, As well, and thus shifts the con-
fined-particle electron and hole states to higher energy. In
this paper we show that thermal annealing is, indeed, a con-
venient method to adjust the wavelength of a QWH laser
crystal without necessarily an excessive increase in the
threshold requirement. For example, the wavelength can be
shifted from -8200 to - 7300 A with the threshold for pho- m
topumped laser operation remaining as low as 1., (th) - 700
A/cm-.

IL EXPERIMENTAL PROCEDURE
As in previous work,'-2  the AlI,.Ga,-.,.As FIG. 1. SEMamcrophotograph ofthe eavd and saied crssetionaof a

-Al,. Ga, -,. As-AIGa , 2As fx = 0, x'-0.30, x' -0.851 single welqualtum wellbeterostructure (QWHJ gown by NIOCVD at the
Q Hcrystals of these studies have been grown by sbraarmeaaeo 0 C h ,-5Aqaw elQ senQ .4 finedo bothsidesby L-0. 12jmof'-O.3 Al.O al _Alwhichitsefis

MOCVD.3 The lowest threshold crystal employed in this confined on both sidsbyL... -2,m ofx*-.85 Al,. Go, _..Asisee loser
work is shown in Fig. 1, which is an SEM photomicrograph ofFig. Z. ThisQwW is sanidwiched betwemaOAs cap layers: the top and
of the cleaved and etched QWH supplying the data in suc- a GaAs substrate on the bottom.

5637 J. A00. Ptsys 54 (10).OctooeIN3 0021-6179/83/106637-011102.40 1) 1 MAmencantnsututsof Pyscs 5637
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index of refracton of A[A-aAs superfattices
J. P. LobwWtonnd K Hen
DewmseIzien15agNSL"wasrd CwaCM141101S ceft Labdlvwe UA&sify iyoflllaeat Urbaew-
Chaaa Up"M4 ilAUNS 6180

N. HaoWyak Jr., J. J. Colema, and M. Carora
DOPNON~t V/kw W Etusalbiaw*sg wd Me11rdes RAmeh L4abeMte4 Uuiaedro efIuafsat Urbana-
Clivp UFina, Mlikb 61W0

(RKciied 2 Febuary 1913; accepted for publication 1t March 1913)

The in of re cIo of AW4s-aAs mupeattics is studied both experimentally ad
theoretically and Is camparudl to the indes: of the carrapuidlug ternary alloy obtained by
intermiigofthe uupeattiae. We Gond that the index ot superlattice can be 5%46% higher than
the index of the alloy due to zone Woling of the sta around r.
PACS numben:- 78.XMDj 78.45. + h

IthbmshoWknbyHolnyaketal."-tesupwdies It is the purpose, of this cmuiaonto show that
can be selectively interdifbsd, that generating patters of index dilbiences do exit. We present experimental evidence:
Al~aAa alloy and GaAs-AlAs superlattie repss Thes of reflection at the usperattice4doy boundaries and per-
structures have obviously many potential applications in in- form a model calculation of the index of refraction showeing
tegrated optics. It i a hreor desirabl to obtain detailed that thiesize quantiztion of states clos toI'intrioduces sub-
knowledge of the difference in the, dielectric function de- doe differences betwee alloy and superlattice.
scribing the superlattic and the AlGaAs alloy. It is not im-InFg1weho
medliaely evident that there are significant differences in the a 100-period AlWsGaAs sueltie(SL) with barrier sie
index a( recton ofta superlatice valssu its disordered al- L8 -70 Aand wellsiaL, -30A. As described elswhere,
loy, because the index depends mainly on contributions from this SL when pbotopumped a capable of continuous 300-K
states around X which probably are influenced only slighty lase operation. Following a relatvey lwtmeaue
by the suesrcue(large eflte mug. parallel bends). short-cycle Zn-dason procedurie describedi eale, 2 With a
Howeve, the differience' in color of the alloy (yellow) and dot pattern of SiNi, serving asa mask to ponsyv selectively
the superlattice (red) indicates the didlrences must also exist the S, I we obtain thne structure shown in the in off FIg1
in the refractive index. (amalso FWg If o(Rt I) The sample fthe Wst has a smooth

cleaved highly reflecting edge at the left at distance 1, froim
E=Wy (ov) the firetSL dot or disk (akan irregular edge occurs at the

1-70
10bottomof tbesample midst therightbqrond the third SL

AA-Gas's SL. (100 +100 dot (c) is another irregular edge. Above thelse dots [(a4), (1c)]
Lg-70, LZ-3A NUOiepattern ofSL dots is repased (no shown).Detween the

* 300K SL dots the crystal has been converted to yellow-gap disor-
dared AlGa As alloy [z - L#(L. .4Ls)-0.71.

- ,.AAAThe sample of the iset is photopumped (pulsed, - 105
J / 1450 40 W/cm2) on the Amrs SL dot, and the spectrum of F*g I is

-..- obtained. The sample functions in stimulated emission, with
A reflectio at each dot edge. la the region from the highly

S reflecting left edge to the second SL dot labeled (bl. Thi is a
*cavity length 1,- 130 ;&m. which is apparently sullicient

m~w/m2 (u legthw loe enughreflection and feedback (at each dot
edge) to support the stimulated emission. This behavior

I I I Iagrees with the fact that we observe visually, not shown) a
LU 7.6 74very clear reflected spot at the left edge ofSL dot (b). Also the

~ve~egtti 10')mode spacing formula
FIG Lo: Pboosmped lmeroperationl300 L pulsellota 10jro L& AA -A -[jji )4n/dA qi - (1
Oans supelattice (SL) airry of "red" does or disis (L.(AIAsI-70 A
L. (Oa&sI-3O A] surrounded by imptu ty-dim arduad a with (n - AdnIdA) )-3.5, gives AA -6 A.which is in very

*Al,_,.AS[X-LsLv +L1.)-.71. The SLdot(selme m sphoto- good agreenient with the fine mode spacing shown on the
pumuped. Mmeropeatmo occurs fiam the left cleaved edse to the irdSL expended scale (7414-7456 Al in Fig. 1. Similarly, the spec.
"red" dot labeled Ibi, or over a cavity 1mph1 4- 130 pum which asa with ing of the two expanded-scale peaks in Fig. I agrees with the

the Amn mode spacing 4A -6 A shown on the expanded wale. The edge-o- dimension 14 (- 18 pmlj. In addition. coarser structure in the
*dot dimesion 4.- 1Ip mqreewith the peak-to-peak spacing 17414-7456 spectrum indicates that further reflect=o (as froml the dot

Aitea ndedstnle-mso spw.. Thos mode and spectral
* de hw that the ines diffasce. a mtAL sl-C AaIM) > 0.5 is edgesi exists in the region of length 4,. These data indicate

precsble. ,~ demo fte pump frequency. that an index differenice, at quantum-well recombinationt.

4230 J. APpO. PP"y. " (7), My 1983 0021-8979/83/074230-021102.40 11 1983 Arl~mslit @1 o Phtysics 4230
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leceived 16 August 1963 by J. Tauc

AmperimmataL resulto am 4umtum wall laser operation in magnetic fields
3 < 12 T are reported. for a perpeadilar (Ii.) to the quantum wall a
*buft towrd hihi pest.. smarg of - 0.3 m@V/T is ebserved, with the
laser threshold cuermet decreasin algmfiemtly. In parallel Magnetic
fields (51) no significoant effect is smasured, them cosnfirming the
built-in tw-disioe~aal carcter of the electron Sas.

We report &are the results of experismts 0.9 ma 0-type layer of Of-oe ALGo A
an the affect of a strong mgnetic uie"d (at low (x0.85) and Go the other side W'a063EOR
temprature) an the energy of stimulated ads- thick p-type layer of I%-Aoped ALz.GCa1 .A~e
eian free quantum-wall, beteroatructure (QU) Wz . 0.55).
laser diodes . In contrast ti PWh result@ of
experiments OD bomi uaction and double The wagers are processed into diodes with
beteroj unction diodes in which the active cavity " atoo of 500 on a descaribed
region behasves as bulk crystal, the behavior of elsemhere * The diodes bie" either broad area,
QWH diodes is governad by the qusi-tw*-dImms- contact* to the p reoim or ame proton-bombarded
*ionaL density of stated, a result of the to produce a 6 a wide stripe for the active
quantum aiso effect. (s Nag. 4 for a region. Tediode dice are metd P-side down
review.) In these earlier experiments, the vits indiam folder auto copper "ast sin"s * hr
emission energy corresponds to transitions from matsion measurements the diodes are muted in
donor to acceptor states (bamajumctios diodes a variable-temperatura cryostat which is
with a heavily compensated active layer) or to inserted in the here of a 12 T superconducting
transitions from the conduction bead t I acceptor magnet. 2ieperaturee below 4.2 K are obtained
states (double heterol unction diodes). for the by continuously pumping the cryostat. In Laser
qA diodes of the present work, howver. the diode output is directed onto the face of a
transitions are from electron subbende of the fiber-optic light pipe; the output from the
conduction band to the beav-rle or light-hole fiber illuminates the entrance ealit of a 0.5 a
eubbands of the valence bead. The laser ads- senocuamator. The excitation for the diode is
sion exhibits a Linear shift to higher energy provided by either a constant-current source
with incresing sagntic field A for 9 pare- (for DC operation) or by a pulse generator.
dicular (I) to the plane of the (W; the energy
is independent of 5 for A parallel (I1) to the In Fig. I we show the dependence of the
plane of the Qid. Simultaeously, the threshold photon energy and excitation current, at lasing
current for lasing with I perpendicular to the threshold. on the mwaotic field strength for
quantum-well layers is reduced, while it is unn- the transverse orienattion, ie.., a
affected with b parallel to the layers. As will perpendicular to the plane of the Qid (Ii). 3he
he discussed below, the reduction of the three- corresponding data for I parallel to the Qid (I1)
bold current is a manifestation of the further ace plotted in fig. 2. * b emission energy is
quatistion of the 2-0 electron gas by the as tamen as that of the dominant mae Lo the
natic field.* These observations provide direct spectrum at each value of a. The spectrum
experimental proof that the electron ga is exhibits as increase in energy with magnetic
quasi-two-dimensional under Using conditions, field, starting at - 30 W(, in the Al orienta-

tion. The data points appear to oscillate about
TeQk% diodes of this work have been grown a liner soLft or elope because the mission

by astalorgenic vapor 5 phase apitaxy (M=CD) 55 wavelength (and thus the energy) is constrained
previously described. 5 The device structure to valuss determined by the enda spacing of the
consists of en undoped single Gaos quantuamaiel lager diode Pabry-Parot cavity. From the
of width *Z 60-00 A located between two larger experimentally recorded spectra of itig. 3, it is
(0.06 ons) z' . 0.3 Alx9 G&aI-XAs barriers, one evident that the magnetic field disuplaces the
Se dopdd (on the substrate side) and the other center ot toe emission envelope to migner
1% doped (on the p-contact aide) . The active energy; in addition. the pain energy changes
region is confined on the substrate side Dy a discontinuously. This observation is confirmed
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Transient capacitance spetrscpy on large quantum well 1.eteOstuctures
P. A. Merln, K Meehan, P. Gawloavlc, K Hows N. Halcnyak, Jr., witd J. J. Coleman
ZAlM*8q z~ehm r.CLAkWUW iy~d MefttakAO Labouft~ UM&kfl 4 VjiM a t

Ui*aa.hupe~n.UP,*ag fiflnokd 6180

(ltaeived 28 February IM83 accepted for publication 12 April 1983)
We report transien capctac measurements on Al. Gal _. As-GaA*s-Al. Gal As
(x-.33) double heterojumctions with Imprg quantum well actine region IL, -800 A). It is
sueted that the thin Ga&s layer actt s ma "guint artificial deep level. It follows then that the
bad edge discontinuity A1, determines the electrai emisio rtes (from the thun layer). thus
making it possible for AX, to be determined by transient capacitance messurements.

PACS numbem- MN. 73.401Lq 68.48. + 1713.SSFr

As paut otsa larger effrt we have been employing deep and diode. For the DLIS measurementsarevesebseso I V
level tranment spectroscop' to examine thin GaAs layers as is aed and 20-ps pulses of varying magnitudes are mapenm-
well ns quantum well heeatrctur layrs.2 The intent of posed an the bia. Two deep levels hae been observed (~~
these measurements has been to determine how the emission 1). One, which we labe E2, exhibits an energy level at 0.88
rate of electron (holes) at interfaces or fromn quantum wells eV, a capture crass section at 7.Ox 10- 11 cm2 and a concen-
differs from the behavior of bulk crystals. These changes tration (corrected for the elfect of the edge region') of about
hae been anticipate to arise from change in the energy 5 X 101 cm- . E2 behaves as, predicted by DLIS analysis
levels of deep trap close to interfaces and from the two- and does nom show any signifcant dependeace of the signal

iunensional final density of state in the quantum weL. 3'4 peak with temperazure and the peak height an bia -ul
Preliminary experimental results, however, hae exhibited voltage. It is therefore easily attributed to a deep level in the
peculiarities which, in our opinion require a very different Al, Gal _- As We have, however, no stagtOWrd expla-
explanation: the GaAs thin layers thcmuAae behave like big natio f the other peak (EI).The sewoed level which we
traps We have reporte earlier on the dynamics of capture label Elexhiis apeculiar deeneceo the forward-bias
and emission of hot dwecqvm in quantum wells.5"' Deep. pulse heigh and width. This makes fitting to the convention-
leve transient spectroscopy adds new perspective to this al detailed balance expression a questionale peocedure

polmand, boned on the model employed earlier,"'- open
a new method or opportunity to deturmie band-edge dis-
continuities We note that dhe natureand rokf the interface
bend-edge discontinuities are among the most fundamental
problem in the physics of semicnoductor heojuaDiisctions, 7  -IV sioi 20O00AW

and heceae of mhint ere *n4. Wec- 4W2 0
The experimental samples of the present work have

*been paown by metalorganic chemical vapor deposition and El
are nominally doped n-typ with Se(-2x 10" cm-) The

* double hetrjnction (DR) samples consist of a buffer layer S
of GaAspgown on topof aGaAs substrte, followed bya 2 -

1.0pmcon-n1gayerof Al.Ga,..-,As (x-W3S)a GaAs
well (4-.0 4 and another confining layer of Al. -6
Gal .. ,As (x-0.35) that is -0.31&m thick. -I

For preparation into diodes the DHi wafer is firs lapped I X50 xLto 5 mil, and Au-Sn is electroplated and alloyed on the sub- c E2
*strate side of the wafer. Schottky barriers are then farmed an 1

the top AIG&AM confining layer by electroplating 2#m of Au 0
in a pattern of Il1-mil-dim dots defined by - 1200 A of
54O. The Au is applied after the surface has been mildly
etched with a diute solution of I HF-7 NH4?. The resulting

* devices are separated and attached with silver-filled! epoxy to
TO- 18 headers, and a wire bond to the Schottky barie com-
plefte the diode These diodes have a forward turn-on vol-zo(K
tage of 0.5-0.7 V and a reverse breakdown voltage which

*varies from diode to diode and is prester thn3 V. FIG.1. DLTS 3=m for I V revere bia with two differvat bins pa vol.

Deep level transient spectroscopy (DLI'S) has been per- to dww vaao in th o and tme miguem of te ooed
formed using a system described elsewhere. In the present - irnMi n the bim pul s inense to 2 V is due to a supernposed

*work a parallel-plate capacitor was used in place of the sec- macmt am r ap. lam vatno.of pak El with b u - duam.

*4669 J. APPI. PhiYs 54 (S), Augus 1063 0021 -8179/63/01146810302.40 1 M98 Amfercan Insftut of Ptiysac '669
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Superlattices

Karl Hess

Department of Electrical Engineering and
Coordinated Science Laboratory

University of Illinois at Urbana-Champaign
Urbana, IL 61801

1. Introduction

This is a very one-sided review of-superlattices and by no means does

justice to this rapidly growing field. My intent is to illustrate possibil-

ities inherent ih the variabtlity of boundary conditions in finite super--

lattices or more generally speaking, multiple heterostructure layers.

In recent years, much progress has been made in the technology and basic

understanding of superlattices and lattice-matched III-V compound hetero-

structure layers in general (1]. Two new epitaxial technologies have emerged

-- molecular beam epitaxy (MBE) [2] and metalorganic chemical vapor deposi-

tion (MOCVD) [31 - which have opened a variety of new possibilities, includ-

ing superlattice transport as discussed by Esaki, Tsu, and Chang (4-61, the

fabrication of materials exhibiting extremely high mobilities (7], quantum

well heterostructure lasers [8,9], planar doped barrier structures [10], and

real space transfer switching [111. More recent research has also concen-

trated on strained (lattice mismatch) superlattices (12] and on type II super-

lattices (6].

~*-~*. *. **. *~.-. -. . .: :* .*.*-. ~ .; .;.*. . :*..........
__________________________________________________~2.~r•%.
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PRINCIPLES OF HOT ELECTRON THERMIONIC EMISSION

(REAL SPACE TRANSFER) IN SEMICONDUCTOR HETEROLAYERS

AND DEVICE APPLICATIONS

K. Hess

Department of Electrical Engineering and

Coordinated Science Labratory

University of Illinois at Urbana-Champaign

Urbana, Illinois 61801

-ABSTRACT

The principles of real space transfer and its phenomenological de-

scription in term of the concepts of electron temperature and quasi Fermi

levels are reviewed. It is shown that real space transfer is a mechanism

to achieve ultrafast switch ing and storage of charge carriers. The real

space transfer-glow cathod analogy, which demonstrates the existence of

a new transistor principle, is discussed in detail.

INTRODUCTION

The technologies of molecular beam epitaxy (MBE) and metalorganic

chemical vapor deposition (MOCVD) have opened a world of possibilities to

create new form of III-V semiconductor heterolayer materials. Structures

hundred times as sophisticated and small as the smallest feature sizes in

current silicon technology can be fabricated with ease. This fine tuned

variability of structure and boundary conditions offers many opportunities

for the development of new device concepts and research in this area is

rapidly expanding (1].

Advantages of II1-V compounds with respect to steady state mobility

and transient electronic transport (1] (velocity overshoot) have long been

known. However, the realization of these advantages in applications have

been impeded by technological difficulties. MBE and .HOCVD have provided a

quantum leap in material quality and controlability, which together with

the ideas of selective (modulation) doping E21 and achievable abruptness of
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Stimulated emission In strained-layer quantum-well heterostructures
M.D. Camas J. M. Brown, N. Holonyak, Jr., M. A. Nixon, and R. W. Kaliski (/ I0
E1ecWt e £agibseering Resweh Laborasmy and Materia Ruswach LaboraMu, Uniewiat oflinas "'at

aa-me4pamuign Urbana. lho, 61801

M. J. Ludowise, W. T. Diete, and C. R. Lewis
Corporme Sold State Labwawo, Vanm Asoiatfe Inapomrat4 Palo Alt Cahybn 94303

(Rceived 6 June 1983; accepted for publication 27 July 1983)

Stimulated emission data are presented on a large variety of strained-layer quantum-well
hetestrcture (QWrs) and superlattices (SL's) grown by metalorganic chemical vapor
deposition (MOCVD). These structures consist ofbarrier-weil combinations of thickessa L"L,
S ISO A made from GaAs-InGaAs, GsAsP-GaAs, and GaAsP-InGaAs. Also employed are
higher band-gap confining layers of In2 AI, Ga.^,Aa, Al, Ga, -,As, _.P,, and A1x Ga As.
All of the heterstuurs are grown on a GaAs substrate with and, in some case, without a
graded layer. The strain range between 0.2 to 12.5X 10- is examined. Photopumped, these

hetrotruruesoperatte acont inew s(cw) 300K lases, with thresholsof 1.6-7.5 x 10) W/cmi,
for periods of time between 0.5 to > 35 min. Under high-level excitation, the equivalent of
Jq - lo A/cm, laser operation fails or is quenched by networks of dislocations (with (110)
Burger's vectors) that are generatedwithin the strained-layer region of the QWH's or SL's. These
dislocation networks, which are revealed via transmission electron microscopy (TEM), occur at a
more rapid rate in higher threshold samples and ones with higher built-in strain. The TEM data
show, however, that no heterointerface defects (dislocations) are present in the as-grown strained-
layer regions but are present in thick (bulk) graded regions.

PACS numbers: 42.SS.Px, 78.45. + h, 68.48. + f, 78.55.Ds

I. INTRODUCTION GaAs-Ln Ga , As (x -0.2) strained-layer SL's grown via

Since the initial demonstration of ll1-V compound epi- metalorganic chemical vapor deposition (MOCVD).'° These
taxy,' the question has persisted to what extent layer SL's have, in fact, been operated continuously (cw) as photo-

match can be tolerated in semiconductor heterostructures pumped 300 K lasers but at high excitation level (J, Z IW-

For example, early work has shown that in the usual thick- A/cm) prove to be unstable."
layer form ofGaAsP (x#0) grown on GaAs the result- In this paper we present a considerable extension of this
ing single heterotructure fails as an improved for of er work. Room temperature and cw laser operation (via pho.

or LED because of the large defect density at the heterointer- toexCitation) is described on a variety of strained-layer her-
faces. - 2 If the heterolayers are thin enough, however, as in ostructures. These include SL structures and single or dou-

the strained-layer superlattices (SL's) first grown by Biakes- ble wells confined by SL sections. The IllI-V materials GaAs,In, aAs ad a~, ,,haebeenr used for quantum'
lee,' then presumably the interface defect density can be kept In2 Ga, _ As, and GaAs, P, have been.used"or.quantu
low because of elastic deformation of the layers. Recently wells and for coupling barriers, e.g., the barrier-well combi-

Osbourn and co-workers6 have revived the interest in n employed are GaAs-lnGaAs, GaAsP-GAs, and .-

strained-layer SL's by suggesting that indirect-gap AsP-lnGaAs'LayersizesareintherangeL,,L* 10A.
GaP-GaAs, _.P, strained-layer SL's can, because of zone For improved photoluminescence performance, wider-gap
folding, act direct. This, of course, is not sufficient for the confining layers of AIGa, - As, Al, InGa, .1 _,As, or

observation of a high level of luminescence, even if the layer Al,a, ,As _ have been grown on the samples. Gal
sizes are small enough,7 unless the heeminterfaces sr, lium arsenide, with or without the use of graded layers, has

ciently free of defects. The argument can be reversed: if a been used as the substrate crystal, and strain magnitudes in

.- high level of luminescence, specifically stimulated emission, the range from 0.2 to 12.5 x lO- havebeen considered. The

is observed on a strained-layer heterostructure [SL or quar- stability of these heterostructures at high excitation level (the

tum-well heterostructure (QWH)], then we can conclude equivalent ofJ, - o A/cm2 ) has been examined. We show
that the defect density is low and, without argument, the that cw 300 K laser operation is quenched by the generation

* crystal is direct (or effectively direct). It is, ofcourse, easier to of a network of dislocations, which indicates that a serious

consider a strained-layer SL or QWH consisting of direct- problem exists in the high level operation of strained-layer

gap quantum-well layers and then determine whether the SL's or QWH's but which does not imply that stable low

density of heterointerface defects is large or small, stimulat- level operation is not possible.

ed emission serving as the basis for the determination. Pro- 1N
ceeding in this manner, recently we have demonstrated that . CRYSTAL GROWTH AND SAMPLE PREPARATION
a strained-layer SL can be grown free enough of defects at As mentioned, the QWH and SL crystals of interest
heterointerfaces to make possible stimulated emission.' This here have been grown by metalorganic chemical vapor depo-
has been demonstrated on GaAs, _ P,-GaAs (x- 0.25) and sition (MOCVDI.'" Epitaxial layers are grown on GaAs:Sn

6183 J. Appi. Pihys 54 (11), Noveomer 1983 0021-8979/83/116183-07$02.40 9, 1983 Amencan Insbtute of Phys*cs 6183
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Broadband tuning (4E- 100 meV) of Al Ga _.As quantum well
heterostructure lasers with an external grating

J. E. Epler and N. Holonyak, Jr. " -

" lccr~truca Engineering Rerch Labororioy and Materia Restrch Laborago, University of Illinois a,
". Urbana-Campaign, Urbana, Illinois 61801

R. D. Burnhamn, C. Undstrom, W. Streifer, and T. L PaolI
Xerox Palo Alto Rsearch Center. Palo Alta Califomia 94304

(Received 30 June 1983; accepted for publication 8 August 1983)

Al.. Ga, _As-GaAs quantum well heterostructure laser diodes are shown to be tunable over a
100-meV range when operated continuously (cw) at room temperature in an external cavity with a
grating to control feedback. The gain profile of the n = I and n' = 1' (electron-to-heavy hole and
electron-to-light hole, e-.Ohh and e-4h) transitions and the n = 2 electron-to-heavy hole
transitions are clearly outlined by the intensity profile of the selected laser lines. The partial
homogeneous broadening of the gain profile agrees with rapid carrier relaxation in the well, The
diodes contain a single 60-90-A GaAs well and are grown by metalorganic chemical vapor
deposition.

PACS numbers: 42.55.Px, 42.60.Da, 78.45. + h

Since the successful demonstration, at room tempera- scribe the i4v- 100 meV tuning range (8300-7800 A) ob-
ture, of wavelength tuning of a diode laser with an external tained with an external grating on a single-stripe (6pm wide)
grating by Rossi and coworkers,' 11-V heterojunction ia- single well QWH diode operated (300 K) continuously lcw)
sers" have been operated (300 K) on numerous occasions in at I = 88.5 mA. The QWH laser diode is shown to exhibit
such manner and have yielded a variety of tuning ranges partial homogeneous line broadening. For example, when
(Jaw S 40 meV), linewidths, and threshold currents. The ex- the grating is tuned to a wavelength (A - 8317 A) near the

-. ternal grating provides a convenient method for probing the n = I and n = V transitions, the rapid depletion of the ex-
" gain profile, selectively influencing the carrier re.ombina- cess carriers reduces, as expected,'o the intensity of the high-

tion process and, of course, determining the lasing wave- er energy emission, as high in energy as AE-2 o -
• length. Quantum well heterostructure (QWH) lasers have a (A - 7875 A).

unique advantage over previously tuned diode lasers in that The QWH diodes of interest here are grown by metalor-
the active region can be band filled to well above the bulk ganic chemical vapor deposition (MOCVD) as previously

i- crystal band edges at moderate current densities' and thus described." A low threshold single well QWH design is em-
are excellent candidates for broadband tuning. The gain pro- ployedi"i that simulates the single well and the high-energy
file of the band filled confined-particle transitions provides. photopumped laser operation shown in Fig. 10 of Ref. 9. An

* at sufficient current level (and lattice temperature), a large undoped GaAs quantum well of thickness L, = 60-90 A is
energy range for stimulated emission. In this letter we de- grown between two larger Al, Ga, -, As (x' -0.3) layers of
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*: Wavelength modification (4w= 10-40 meV) of room temperature
continuous quantum-well heterostructure laser diodes by thermal annealing
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Da arepsented showing that wavelength modification. afat least 210A Ifrm 8180 to 7970 A)4
atbiced are roam tm r pulsed quantum wellhes rctumr (QWH) laer diodeis"
possible by thermal annealing. Thermal anlin at 900 'C for 8b results in only a minor change
in the threshold current density, 385-425 A/cm2, thus making possible imiar wavelength
modification (8180-8 A) of continfuus (cw) 300 K stripe-geometry QWH laer diodes.

PACS numbers: 42.5S.f 73.40.Lq, 81.40.Tv, 81.40.EF

Recent work' has shown that wavelength modification modiied siiicantdy by Zn difision since there is a rela-
of undoped Al, Ga, -,As-Al, Ga, .As [zjt-0-01 tively lar threshold concentration for this to occur.,
quantum well hetostructures (QWH's) by thermal anneal- After the thermal annealing of the as-grown QWHs,
ing at 875-925 C (- 8 h) results in wavelength shifts from the crystal is Zn diffiued for 10 min at 6M OC to ensure that
-8200 to -7300 A with the threshold (4,) for photo- the p-type GaAs cap layer is sufciently doped for Ohmic
pumped (single well) laser operation remaining below the contacts. Then the wafer is lapped and polished from the -

limit for roam temperature continuous (cw) operation. The substrate side to a thickness of l00-12.Sam. Net the wafer ,. -

layer (Ga-Al) interduffusion coefcient at 875 "C has been is metallized on the p side with 100 A of Au + 5M At
found previously to be 2. X 10-'a cm 2/s,' or significantly Cr + 1000AofAuandon then sidewith 100 AoAu + 400 """-"
lower than reported in earlier work.' Nevertheless, the diffu- of oCr + 1000 A, of Au. and is heated at 300 'C for l0 s insa
sio length I. 4S - 27 A, (8 h) indicates immediately that hydrogen atmosphere. The crystals are then cleaved and
QWH's with well sizes L, S 100 A are ood candidates for sawed into dice 130x 250 jAm and are attached to TO- 18
controllable and select to shorter wave- heades. The mesa stripe diodes used forcw 300 K measure-
length by thema annealing and by well-layer, barrier-layer merts are similarly metalied, but irst are etched through
(Ga-Al) interMfMson. In fact, it is even possible to deter- the active regon with 24-um stipes protected by photore-
mine approximately the position of the energy levels of the mt. Also, before the metallization a 120-4 SiA layer is de-
resulting QWH by fitting a modified pechl--Teiler potential posited on de surfae, and contact stripes of 12 /im are

* to the modified (anneaWd) band-edge prodle. I In the present OpnCed centered over the 24-jim mesa stripes.
* work, we show that a p-n QWH (with a single GaAs quan- A themal anneal carried out in an evacuated quartz

turn well, L, < 80 A) that operators as a cw 300-K laser can ampoule with excess As'- at 875 C (8 h) causes litde shift in
be thermally annealed at (875-900 C) and be shifted to wavelength from that of the as-grown crystal.' A 900 "C an-
shorter wavelength without a significant change in threshold neal (8 h); however, causes (Fig. 1) a 40-meV shift in wave-
(4). We show that annealing of a QWH at 875 "C for 8 h length from 8180 to 7970 A). The threshold current density
results in small wavelength modifation and that -900 "C is observed to increase from 385 A/m (875 C, 8 h) to 425
annealing leads to a change in photon energy of Aw = 20- A/cm2 (900 C, 8 h), which, actually, is negligible when the
40 meV, or more for annealing periods exceeding 8 h (or difference in diode length is considered f200 vs 230/jm). We
900 Q. note that, indeed, little change is expected in the threshold

The p-n heterostructure crystals of this work are current since a quantum-well laser diode is modified by ther.
Al,,. Ga, _ ,. As-Al,, Ga, , As-AlGa, - As (x = 0, mal annealing into another quantum-well laser diode, with
x'-0.30, x'-0.85, L, <80 A) QWH's grown by metalor- square well uniformly modified into a rounded well.
ganic chemical vapor deposition (MOCVD)3' The active As seen in Fig. 2, cw 300-K laser operation of a p-n
region consists of an L, < 80 A GaAs quantum well that is QWH is possible after thermal annealing near 900 C (8 h).
located in the center of a larger (Le -0.13 pim) The wavelength shift to SWA. as opposed to that of 7970 A
Al, Ga _,, As (x' -0.30) layer that acts as a carrier reser- in Fig. 1, is due to uncontrolled variability in the two differ

' voir" and as a waveguide region fe.g., see the inset of Fig. 2 eat annealing runs and also bandfifling differences in pulsed
of Ref. 6). This region is confined on either side by x- 0.85 and cw diode operation, not to mention differences in diode
Al, Ga _- ,.As. The n-type confining layer (n.. - 5 X 1017/ geometries. In the case of the former (variable annealing),
cm') is -2.8 jim thick, the p'type confining layer (nz. anychangeinthelayer(AlGa)interdiffusioncausesasinif-
-5 X 10' 7/cm') is -0.6 ,m thick. Because of the low Zn icant shift in the quantum-well shape and well eergies
concentration in the p-type confining layer, the quantum (wavelength).' We mention that the Fabry-Perot modes

" well boundaries (and confined-particle energies) are not drawn on the 5.5 mA (a) curve of Fig. 2 represent only one
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Thermal-anneal wavelength modification of muilpl-weii(.3 rl
* p-n ,i~Go, As-GaAs quantum-well lasers
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Daft are presented showing that ordinary thermal annealing can be uaed to modi* GaAs square
webl into rounded Al, Gal -,. As quentur wels anld shift the continuous 300-K laser operation of _

ap-a muliple-wdl Al. Gal -. A*4Ga&shsratutr lawe to highe energy. Transmisson
electron microscopy is use to show that thermal annealing at 900 -C for 10-h changes, for
example wAi uzs fro 85 to 105 A anld coupling barriers fromn 95 to 75 A.which results in a
change of lase photon lenerg ot4hm 50 meV. Dandfilling is minimal in multiple quanitumi-well
lasers thus making thermal annecaling a usdal method to "tune" a continuous 300-K quantum-
well lase to shorter wavelength as shown here. Theme thermal annealing experiments indicat
that the Al-Ga interdiffibion coeffciet at a heeriterface is D (90)- 10- cm2/s.

PACS numbers: 42.55.Px, 81.40MEi 73.40.Lqb 66.30.Ny

L IN IRODILCTION in may cae because of certain bes= ddiffeences in the
* If ~we cosdran Al3 Ga, :.Azs aAs heo 6we cherge-filhng behavio of then two forum of QWH's: Spe-

say, in a typical double heeostructure (Dip lase with a cifically, bandfilling and a large spectral width (and tuning
GaAs activ regin of thlickness L, >5SW A. and cosd rainger' can be accomiplished in the cme of a single-well
what times and temperatures are needed for Al-Ga interdif-. QW'K whereas in a multiple-well QWH bandillini mini-
fuision (or AIGaAs-Ga layer intedusian) for there to be mal (or can be) and the spectral width narrow. In this paper
a signiimat change in the heteroutructure times exceeding we show that, in fact multiple-wellp" QWH's that are ca-
10 h and temperatures eceeding go0 *C ar requid That pable of operating as cw 300-K laser can. by thermally an- __

is, the Al-G inted gfuioa constalnt is known to be quite scain (at -900'C), be hftdin energy by as much a
small,'. and thermal annealing is'not a very vA"l method A4k- 50 =eV and be fabricated into shorter wavelength cw. -

to geect an important change in an Al. Gal - ,As.Gaj4, DH 300-K laser.. In addition, we show directly via transmission
* ~laser in contrast to the rlatv inensitvity of ordinary
* Al.Gal - 8As-GaAs Dlisto thermal annealing as& a mthod

of modifying the basic DH structure and thus wavelength, E
the small well anid barrier dimensions (L, < 100 A) of quan-
tum-well (QWH~s) make them ideally suit- I
ad to this purpose. That is, anas-grown QWH crystal,al-
though highly uniform across its area, oftn dIffers in
quan um-well m e ( 4) su fficiently from the d esi cho ce to 

r

*give a wavelength longer than desied As recently shown on I"6-L, 856 A
single-well undopeid QWH crysaW and "- dopedl QWH .
crystals,3 ordinary thermal annealing can be used to modify
a square well (dashed in Fig. ) to arounded wed (solid pro-
fil in Fig. 1)L thus shifting the wavelength from longer toL---

*shorter (1--eel and 1-./ih I in Fig. 1). This procedure makes L
sense because, e-g., at practical annealing times, such as t- 10 EMa
h and temperatures - 900 *C, the Al-Ga interdiffumion con-

* stant is D (900)_-. O' CM2/3 and I - 4DF-20 A. which is
obviously sigificant compared to L. (l-L.). h

Clearly, for wavelength modificatin of.a QWH la to __ - E
be important, it must apply to p-a QWWs that can be fabi-
cate into diode laer that opera continuously (cwj at PIG 1. 3hemadc diara of webn ofai as-w G(aMs quan-
I oo temperature 1300 K). This has so far been demonstrat- lte well IL. = 5 A- dahed-line profile) and after a 900 *C thermal anneal
ed only for the case of a single-well p-n QWH laser,3 but not for l0 h. which results in a rounded Al, Oa, As quantum well (solid-line
for muitiple-well designs. Yet it is the latter that are required profil. The bound muam move up in enersy from 1--elI and I-.*A I as the

wuir t the anneall. The composition of the Al.Ga, _ As weD changes
(0-xl and the well widens (85-.105 Al. reulting in a graded interface

* IBM doctoral fellow. bewmthe well and thex' -0.30 Al.. Ga, _.As barrier layers.
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-Impurltyminduced disordering of single well AlIGa, ....As-GaAs quantum well
heterostructures
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(Received 7 November M98; accepted for publication I December 1983)

* ~~Tmaaniuissmn electr= icroscopy and poouminescenc data are used to show that a Aingl
GaAs quantum well (L. - 70 A) 00on211ed by Al. Gat,e As (x' -0.3) layers can, via low-

temeraure(600C)Zn dMansio. be interdifkned ("absoirbed") into the confining layers
(impurity-msiate Al-Ga laterdibuion) and be shfte to higher gap (x - O-.x' -0.3) without
daMaging the crystal or ruining its capability to operate as a continuous 300-K low threshold

phoopupedlase.

* PACS numbers: 66.30Jt, 73.40.Lq, 42.SS.Px, 61. 16.Di

Since the recenit discovery of impurity-induced disor- The top Al,. Gal ~ As (xw -0.85) confining layer appears
* daing of Al, Ga, -. As-GaAs supertattices (SL's) via low- faded because of thickness variations in the ion-milled speci-

temperature (500460 'C) Zn dilbtsion1- this area of work men. For present purposes however, this is unimportant in-
has been extended to include ion implantation with Si and asmuch as a clear cr ass section of all of the a-grown layers
Zn impurities.4-5 Also impurity-induced. disordering of appears in Fig. I of~d. 9. The mas important portion of the
straind-ayer superlattices by manms of Zn diMson has QWH in the present experiments is the Al, Gal As
been demonstrated.' In almost all the studies performed to (x' -0.3) waveguide region of thickness L'r -0. 13 jun with,
date, impurity-induced disordeuing experiments have been in its center, an L, 70-A GaAs QW (an z -0
conducted on SL systems, which, although of fuindamental Al8 Ga, - ,As QW).
interest,, are not necessarily all that practicaL Momt practical A portion of the QWH crystal with the top GaAs layer
forms of quantum well heeatutrs(QWH's) are not removed has been subjected to Zn disian at 600 OC for 10 h
SL's, or not even, small 1sLo&saI1t as ay, aleast-a halffdozen in one case and for 20 h in another. Masking Si, dots of 37-
periods. In many cae only one quantum well layer is a
neesary or fhandamental part of a practical QWIH device,.
e.&~, a laserand it is important in suich instances to dete-
maine the nturof the uting h erastructe 1aateriinp- Al,.,Gal .J,* As-Al, Gal.. ,As -AGa As

rity-Waced layer disordering. We cosdrthis problem
and show here that a single GaAs (z ina0 Al. Ga,..-.As)
quanm well confined by Al.,Gal,r As Iz' -0.3) barriers
can be "disordered (layer interdised) out of existence
(x-..') by low-temperature impurity dision and not cause
any noticeble Amag in the resulting heeotutr.This
is demonstrated by means of transmission electron micros-
copy (TM)Q and comparison of the a-grown crystal with the
crystal modified by impourity-induced disordering (or Al-Ga
inte ifuusionj. ' Confirming phoouminescence data are
presented showing that the disordered regionL-i .3m

(GaAs.-Ale Gal - WAs) is not damaged. That is, in essence
the GaAs quantum well (QW) is "absorbed."

The Al.- Gal _.- As-Al,,Gal -.e.As-Al. Gal _. As
(z-085, x' -0.3, zw -0) QWH crystal used in this work

has been grown by metalorganic chemical vapor deposition
(MOCYD) a described elsewhere.7 Of particular inrerest
the QWH crystal employed here ho previously been used in FIG .m i..onaii -1 .a MIEM) .crgapahof(ala..-
thermal annealing layer-modification and wavelength- Vmon A,.- as, -. ,. AA, G(u, A.AI, Ga, -.,As Wz-0.83. x'-0.30.
modificatio experimentsl" and even earlier has been used, in x -01 quantum veil beteroatnature (QWHL and Ibi the QwH after Zn

*as-grown fom to denuostrate very low threshold contin- dlaana 0 o ~.A hw.I) h nidcdlwtmea
naeA-Oa intewdimmom elimain the L, = 70-A QW Jz-x I, umemn theusu (cw) 300-K pholapumped lase operation.'0 A TEM -heeoudai.anbranteLOIimA a. s

*micrograph of the as-grown QWH is shown in (a) of Fi. 1. (z -0.31 wvei& regain but do.l mo caunedamap (disomatkulai or twa

the crystalline properta.i of the x' -0.3 centr reion ielectmoadiaco
'KIM doctooral heilo pattern inse at lower hgWt (11w I a twaim is in the 200 direction.1
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* Strlpeometry AIGaA*-GaA* quantum-well heterostructure lasers defined (i25
by impurty-induced layer disordering .-.
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(Received 5 December 1983; accepted for publication 16 January 1984)

Stip AlGeAs-GaM single quantum -well htrture lasers are demonstrated in
which the region complementay to the stripe (outside of and defining the stripe) is shifted to
higher band gaM and ower r a tive index, by low-tempertun (600 C) Zn dif.iion. Impurity-
induced Al-Ga interditiasioln cse the single GaAs quantum well (x - 0, L-- SO A) outside of
th stripregion to be mixed ("absorbed," x-.x') into the Al.. Go, As (x'-O.3, Ly =0.l1 8m)
bulk-layer waveguide of the crystaL

PACS numbers: 42.55.Px, 73.40.Lq, 66.30Jt, 85.60.Jb

Previous work has established that AlaAs-aAs L, =0.18pm thick. Slightly above center (at the left) in the
quantum-well heeostuct.re (QWH's) are unstable waveguide region is a GaAs (x -0) quantum well which is
against Zn di "sion,'- even at temperatures ( <600 C) well marked (QW) with a triangular "tick" mark (J. The inset in
below th that are employed (>600 G X in the epitaxial Fig. I at the lower right is a - lOx higher magnification
QWH crystal growth. Perhaps equally important, Zn or Si transmission electron microscope ITEM) micrograph of a
implantation, followed by thermal annegi can be used to portion of the asrown waveguide region, a region as wide
interliftse (Al-Ga) and disorder, or mix, Al, Ga,- As as that between the "tick" marks at the dimension arrows at
(0 < x< 1) and GaAs quantum-well layas.s. Either process, the lower left. The inset shows clearly the GaAs quantum
dfuion or implantation, can be used to change increas), well (L, = 80 A). Finally, below the Al.. Ga - .. As wave-

selectively, the effective energy gap ofthe layered quantum- guide region is a thick ( - 2.8 pm) n-type (ns. - 5 X l0' 7/cm 3)
well eterostructure to that of ordinary disordered-alloy Al,. Gal ..- As (x -0.85) bottom confining layer, and then
bulk singl crystal Recent data show. that the disordered the n-type GaAs substrate Inot shown).
higher gap bulk alloy is not damaged7 and, most important, Before the Zn diffusion (ZnAs , A Si3N 4 masking layer
can be arranged in arbitrary geometrical patterns and micro- - 1000 A thick is deposited on the crystal and is covered
patterns, via conventional photolithography procedures." with the photoresist stripe pattern desired. The SiN 4 is se-
That as, the as-grown lower gap QWH and the surrounding lectively removed from the regon to the right of"c" in Fig.
impurity-disordered higher gap bulk alloy can be arranged
in any desired complementary pattern. In this letter we de-
scribe the use of this process to construct stripe-geometry only ai-ssh-Ga1-,As-Al -irAs OWN
QWH laser diodes. The Zn-diffuised. region not only as shift-
ed to higher energy gap than the as-grown (masked) QWH
stripe but also is reduced in index of refraction, - resulting
then in an index-guided laser diode.

The single well p-n Al..Ga, _. As-Al. Ga, ,As-
AI.Ga, .,As (x = 0, x'-0.30, x'-0.85; L, =80 A) QWH
crystal employed in this work is grown by metalorganic ...

* chemical vapor deposition (MOCVD)," 0' and is shown
slanting upward from left to right in Fig. 1. Figure I is a Owl
scanning electron microscope (SEMi micrograph of an
etched piece of the p-n QWH that on the right has been L - 0.18 Am:
subjected to Zn difusion for 1.5 h at 600 C ID-2X 10-12

cm"/s. The portion of the QWH on the left is the as-grown
crystal The portion of the crystal at the left between the
offset triangular "tick" marks labeled "c" (V A) is an as- FIG. 1. Etched cross section, viewed by scanning electron miarocope.ofan

grown Zn-doped GaAs contact layer (-0.Zpm). Below this Al,.Ga,-,.As-AIGa,-.As-AIGa,-,As Ix-0. x'-0.30. x*-0.851

is a Zn-doped (nz. - S x lO' 7
/cm') Al,. Ga -.. As quantun-well heterostructure that has been masked with SiN. on the left

x"-0.85) top confining layer that is -0.6pm thick. Just and has been Zn diffused 1Zn 2AsJ on the right at 600 'C for 1.5 It. On the
0) rilht ("Zn-diffiused"I the GaAs (x - 01 quantum well interduifses Al-Gal

below the confining layer is an AI,.Gat .As (x'-0.30 into the L, =0.l-#m Al, Gal. As ix'-0.3 waveguide region ;x-x'i.
waveguide region (the active region), which, as shown, is Thenset at the lower right showsat - lOx higher manification transmis-

sion electron micrographi an as-grown x' region of the width shown at the
'IBM doctoral felow. L, = 0.18-#m dimension arrows (of the lower left).
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Disorder of an AiGa, -,A-GaAs suporlattice by donor diffusion
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Th. inipuity is diffused (850 ', 10 hxj -2.4#m) into 2.4 m ofM AGa1 -,As-OaAs ( x 0.6)
superlattice brirLy =32o A. quantum wenl L. =280 A) and disorders it into bulk-crystalp ~Al. Gal _ d. As (e' Z 0.32). The asgown inrared gp aisperlattice is converted selectively to red
gap bulk crystal and, where undiffined end sot disordered, is still capable oad otuous 300-K
pbotopumped laroperati tOnahrolo4x 0 W/cm(or Jq -1.7 X HPA/cm 2, 5145A
pump photo.).

Although quantum well heterostructuues (QWH's) and bar- er of thickness L& 320 A Abight4leld transmission
superlattices (SL's)ane inherently quite stable, these struc- electra. micrograph (TEM) of a section of the SL is shown
turn. can readily be converted to comp-iioal disordered on the right sid of lFig. 1. (The diffised region on the left is
bulk crystal with various unitie during relatively low- descrbed later.)
temperature annealing and diEflinion procedures. For exam- Prior to Si diffusion into the SL, Si3N4 is deposited (for
Pie, recently it has been learned that Al2 Gal - As-GaL~s diffusion masking) on the wafer, and for convenience a stripe
QWH's or SL's are unstable against low-temperature pattern (I15-pni stripes on a 25- ism period, ftg. 2) is devel-
(< 750 "C) Zn dimaion. " Impurity-induced disordering of aped on photoresiat deposited on the Si3N,. The SiNS is

* an Al, Gal -a As-GaAs QWH or SL can be accomplished at then plasm etched (CF.) leaving l0.pm. bare stripes on the
* temperatures, and anneal cycles, much less than those re- wafer. Neat the photoresist is removed, and the wafer is

quired for ordinary thermal disordering of the layers." cleaned in HC1 just: before - 100 A of Si is electron beea
*Moreover, and of special importance in the present context, evaporated onto the wafer at 7 x 10- Tarr. Immediately

ordinary photoniasking procedures 13isN,. layers and photo- after the evaporationa complete -0.5Spm of SiO2 is deposit.
*lithography) can be employed to create an arbitrary pattern ed onto the wafer.31 The SL, with a small piece of As, is then

of impurity-induced (higher gap) Al, Ga, -,e As bulk crystal sealed in a quartz ampoule face down on a "slab" of Si to
in the Al. Gal -t ,A&s-As QWH or SL crystal.' To a lesse ensure a uniform temperature across the wafer (with also an
extent. ion implantation followed by thermal annealing. has overprssur of As). After the dififisimn which is accom-
been shown also to be a viable method to cause impurity- plished at 850 *C for 10 h. most of the SiO2 is removed with
induced disordering of a QWH or SL Specifically, the two NH4F:HF (7:1, 3.5 min). The remaining SiO2, Si, and Si3N,
impurites Zn and Si have been implanted and used to disor- are removed in a CF,, plasma. The sample is then cleaved,
der (partially) Al. Gal - aAs SL's ." Zinc diffusion, how- with one part employed for TEM specimens and the other
ever, has been the most successful procedure and a corre- samples for photopumping.
sponding Jequally successfu) donor diffusion process would
be highly desirable, which is the subject of this paper. We
show that the prss recently employed by Greiner and Alr Go~ -, AS _______

Gibbons' to difuse Si into GaAs can be used to disorder an_ _

Al. Gal _.a As-GaAs SL and thus form higher gap bulk-crys-
tal Al, Gal -,. As. The Si impurity is amphoteric but here

* ~serves as a donor' and, as mentioned elsewhere in connection_________
with implantation." could exhibit ideal disordering mechan-
ics along the lines discussed by Van Vechten.9 Above ailL we
demonstrate that disordering of an Al, Ga, - As-GaAs SL4
via Si diffusion can be accomplished selectively.

For these experiments the Al, Gal - As-GaAs SL's for _________________

* QW"H's) are grown by metalorganic chemical vapor deposi-
tion (MOCVD) as described elsewhere." 0.1Initially a lItsm__________-JI

* layer of Al. Gal -.,As (x Z0.6) is grown on the substrate fol-
*lowed by a -O.4-jum GaAs layer and then the superlattice. FIG. 1. Irit-field trnssmacaio electron macroraph of a 40-period

The SL as such consists (40 periods) of GaAs quantum wells AI,0a1 -aA s supertattice Ix 2:0.6. L, =320 A. L, =290 Al that on
of thickness L, 280 Acoupled by Al, Ga, ,As (x t 0.6) the left bell boo disordered into bulkt-crystal Al, Ga, -, As by Si difimon

and on the right is mased (Si,N. protected) u-pow. SL that hall "Sur-
vived" the 850OC (O 10Il anneal cycle The Iower pan of the 2.4-um SL is

IBM doctoral fellow, shown sad the curved region just at the point in the SL to which the. dift.
'Present address: AT&T Bell Labs.. Holm~del. Niew Jersey. sic. hasl penetrated.

.............................



High-energy (AS~ 7300 A) 300 K operation of single- and multiple-stripe
quantum-well heterostructure lmsr diodes In an external grating cavity (j

J. E Epler, N. Holonyak Jr.. and J. M. Brown
ZkW&W Eqhueeq Ruwch Lahoraserj and Mewiala Rmawch Labomto. Unfiisoi of Iliiad at
UubnechamptIau Urbana, lined, 6180i
R. D. Bumham, W. Streft, &Wd T. L Paoll
ZemzxJAoewrch C~~,~ Pa1.k. Cbal fruve 430

(Received 16 February 1934; accepted for publication. 22 March 1984)

A set of high performance single- a&d multiple-stripe Ale al ,_e~As-Al. Gal -,As quantum-
well heuotrueture 4QW) la diodes coupled to an external grating cavity is used to
demonstrate: the tuning properties of a semuiconductor lase at short wavelength (As~ 73004& A
single a waediode(6-im stiewidt)wMitmuleAl Gal - As x-.22) quantumwellof
size L, =400 A is broadly tuneble (7080-ae.7370K AAm,-7O meV) and delivers a single
domian longitudinal mode of moderate output power (P.., -50 m at 2w0 mA. pulsed). in

coninuus ew opraton I. 135 mA) a single-stripe la bas a3-e uigrne
7168 .A 47322 A- Pbase-locked twenty- and forty-stripet diodes (3.5-pin stripe width) from the
same QWH wafer are capable of snle-longitudinal-mode output at higher power (peakP, - 1.6
W at an 8.0-A, 200-us pulse) although at slightly longer wavelength and reduced tuning range
(72254AeC7425 A). Data. are presented illutrating the wavelength dependence of the gain and
power output a well als the partial homogeneus broadening and phase-lockd nature of the
QWH la arrays. Mile differenc in performance ofthe multiple-stripe diodes com pared with the
single-stripe structure can be attributed to the internal coupling of the optical field in neighboring
stripes and the reduced threshold current density.

L ITOUTO ly broadened gain profie capable of supporting narrow line
An external dispersive cavity has long been recognized WAA M 03 A resolution-limited mecasurement) operation un-

as an effective means to improve the spectral output and to der high level cw and pulsed romtmeaueoperation
prb the inernal oprto of seiodco diod Is The multiple-stripe diodes are spectrally similar to the
se&'- A majo limitation, however, ofmr comon single single-stripe lars, with some important diffetrences, the

hetrosrucureand double hetrstructure (DlIQ lases in most apparent being a much greate power output For ex-
external-grating operation is the lack of adequate carrier ample, a forty-stripe diode delivers 1.6 W of peak power (8-

bandflling an ths asmal reombnaton-attatin sec- A, 200-na pulse) into a single longitudinal mode (A - 7300
tral range and a small gain bandwidth. A large active region A lo h utpesrp idshv oe hehl
size Ike., bulk-crystal active layet thickness L, > 500 A) im- currentldensity. Thus, the gain profile is centered at longer
poses a practical limit (-40 meV) on the energ range of the wavelength (lse bad filig and ha a smllrtmn
pain Profile Insa quantum-well heterVostructur (QWH] car. range (40 meV). The far-field emission generally exhibits a
rier band fillng can be large ' For example, a popumpeci two-lobed pattern in the plane of the junction, which indi-
single-well (L, - 200 A) QWH sample can be band filld suf- cates a 180W phase shift between neighboring stripes. These
ficiently to give laser operation insa 4u- 300-meV ramge.1 observations are consistent with the concept of a laser arry
As a further example, in recent worke with QWH lose di- phase locked with the combination of internal mode coma-
odes coupled to an external grating cavity, We have demon- pling and external feedback. The similarity with a broad-
strated l00-meV tunablty in continuous (cw) 300 K oper- area diode lasing on physically separate but internally cou-
ation, which is a much geater range thn tha of orinr pled filamn~ts has been previously noted.'12 The perfoirmance
heterojnction laser (- kT) but still far lessthan the "limit", of the multiple-stripe diodes compared to their Single-stripe
of - 300 meV. To obtain the data below, we have similar to couinterparts indicates that the phase-locked laser array is
Ref.?, employed an external grating cavity to investate well suited for high power tunable diode laser systems.
possibility of high power, high-eer tunability of both sin-
gle-'0 and multiple-stripe"l high performance QWH diodes. I.EPRMNA RCDR
The QWH active region is an Al. Gal, .As (x-0.22) quan- As in previous work,7 the Al,rGa, -. , As-Al. Gal -. As
tum well of size L, =400 A. The confining layers are fx-O.22, x'-.85) crystals of the present studies have been
Al, Gal,-,, As (x'- -0.55). The relatively large size of the grown by metalorganic chemical vapor deposition
quantum well does not easily permit maximum carrier band (MOCVDJ. In Fig. I a transmission electron micrograh
filling; however, with pulsed excitation of a single-stripe di- shows the single 400-AL quantum-well active region of the
ode, we obtain a 70-meY tuning range f7080<.Ae7370 A) diodes whose characteristics and operation are described be-
with a single dominant longitudinal mode. The results of the low. The lack of a separate-conhnement waveguide struc-
grating experiments indicate a broad, largely homogeneous- ture "sandwiching" the quantum well undoubtedly in-
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Far-field supermode patterns of a multiple-stripe quantum well
heterostructure laser operated (-7330 A, 300 K) in an external grating cavity

J. E. Epler and N. Holonyak. Jr.
£fwiuceaI Eaghuiq Awn * Lah.,.way wid Mateicb Awh Labomtey Uxn te~flU~a at
Urb aehb.mui Ukhea llinak 61W01 • V

R. D. Bumhanm T. L Paoil, and W. Struifer
Xwx Pak A/so RAurck Cr.o Pak Alm CaWw 94304

(Rceived 30 March 1984; accepted for publication 14 May 1984)

A multiple-stripe quantum well heterostructu e laser diode operated ian external gratig cavity
a- shown to exhibit the far-field r pe the "superode" egstates predicted by
coupled mode analysis. Data (-7330 A) are presented on a gain-guided laer array at variou
continuous (cw, 300 K) operating currents to illustrate the progression of the supermodes fxom.
double-lobed patterns (phase shift between emitters) to a single-lobd pattern (no phase shift
between emitters). As thecavity wavelength scanned cyclical progrsion (2.8-A pad) offar--
field patterns (supermodes) is observed.

Since the successful continuous (cw) 300-K operation of The diode frout-facet emission is collimated with an
a phase-locked multiple-stripe semiconductor laser,' aquan- f1.0, 50.3-mm focal length lens. A difaction grating(7500
turn well heteroatncture (QWHL2 this form of laser and its A blaze) oriented with its uling parallel to the crystal layers
potential for a higher performance level have attracted in- disperses the collimated radiation and returns a major frac-
creasing attention. Specifically, phase-locked multiple- tion to the diode facet in the form of spectral bands (see Re '
stripe quantum well hetructure lasers offer significant 9). Fine control of the grating angle (or cavity wavelength) is
improvement in power output ts and reduced beam diver- accomplished with a piezoelectrc transducer built into the
gence" over previous devices. Coupled mode analysis of a (Burleigh) optical mount. The I 5-m travel ofthe tranmducer
multiple-stripe semiconductor lae arnye predicts the ezis- provides a - 6-A range over which the cavity wavelength
tence ofa discrete set of N "supermodes" (N - the number can be precisely controlled. The period of a complete cycle
of lar stripes), with each supermode operating at slightly through the supermodes is observed to be 2.8 A. which
different wavelength. The existence of these supermodes has agrees with the diode longitudinal mode spacing. The dw -
been confirmed in a recent study by spectrally resolving the placement of the piezoelectric transducer is assumed linear
spatial profile of the optical intensity on the laser facet. ' A with applied voltage over a small range (2.8 A) and is used to
more direct way to study the supermodes is to "force" a obtain the wavelength splitting from supermode to super-
multiple-stripe QWH laser to operate at a given wavelength, mode to within 0.1 A. The resolving power of the grating/
e.g., in an external grating cavity,"- t and then examine the lens system i about 0. 1 , which is sufficitnt in many cir-
far-field pattern of the resulting supermode (or supermodes). cumstances to isolate a single supermode.
In this letter we describe this form of multiple-stripe laser A rectangular Al-coated mirror intercepts a small sec-
operation and confirm directly many of the features of the tion of the collimated beam and directs it, via a slit, onto a
coupled mode analysis of Ref. 6. Data are presented showing fiber optic "light pipe" which scans the far-field emission
clearly the far-field patterns corresponding to various super- pattern. The optical signal (supermode pattern) is monitored
modes, at several currents, for a twenty-stripe (-5-inm with a radiometer/strip chart recorder. The resolution of the
centers) QWH diode operating continuously tcw) 300 K near system is better than 0.5*'. The linear scan of the collimated
the visible (- 7330 A). radiation introduces an error in accordance with the approx-

The A1,.Ga,.,.As-Al,Gal_,As(x'-0.85, x-0.22) imationtanx=x, whichoversmallangles(<30",fullangle)
QWH crystals of this work are grown by metalorganic is negligible. A small fraction of the emission is monitored
chemical vapor deposition (MOCVD) as previously de- with a 0.5-m Jarel-Ash monochromator (5 0.2 A resolu-
scribed." The quantum well size is L, =400 A. and in the tion) equipped with a GaAs response photomultiplier and an
form of ordinary single-stripe lasers this QWH crystal has electrometer/strip chart recorder. Hence, the emission spec-
exhibited excellent short wavelength high power perfor- tmum and far-field pattern can be simultaneously recorded.
mance. " As in earlier work," the single- or multiple-stripe The set of far-field patterns shown in Fig. I is typical of
pattern is produced by proton bombardment through a thick the cycle of supermodes observed at relatively high injection
photoresist mask. An optical microscope is used to verify the currents (I = 520 mA, P. = 70 roW, cw). A double-lobed
actual spacing of the array elements (in this case - S m) by pattern with a 10 spacing between peaks occurs at 7326.7 A
examination of the near-field pattern. After metallization and coincides with the L = 20 supermode (based on the pro-
the QWH crystal is cleaved into 250-pm bas and then sepa- gression of lobe separation). As the cavity wavelength is
rated into individual dice that, in turn, are attached junction shifted (via the grating) toward lower energy, the peak separ-
side down onto copper blocks. The reflectivity of the diode ation decreases as the diode is induced to operate in lower
front facet is modified with an AIO, antireflecting layer and order mode configurations. While often a single supermode
the back facet with an AI2OA/A reflecting coating. is dominant, e.g., L - 16 in (b, and = 1 in (c), often two or
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Effect of layer size on lattice distortion in strained-layer superlattices
J. M. Brown. N. Holonyak, Jr., and R. W. K-li.ki
fl umee fEq wi Ramh Labevatoey amd Mawr lAswmh Laborar. Uniwruy of llmb at
Uraaa-Cham7wlgn U41110, lhli 61801

M. J. Ludowise,") W. T. Dietze, and C. R. Lewis
C@wWee Solid Stat. Lakrareuey Varian Auocias, InwrpovS Paio A . Cal sa 94303

(Received 23 January 1984; accepted for publication 2 April 1984) "

The accmodto of lattice mismatch in strained-layer GaAs-Inl -, As x=0.27)-
superlattices rown by metalorganic chemical vapor deposition has been examined a afunction
oflayer thickness using transmission electron microscopy. The degree of distortion from cubic is
shown to be dependent on the layer thickns and at sufficiently large laye sizes ( 180 A)
dislocations a introduced at the interfaces.

PACS numbers: 61.16.Di, 61.70Jc, 68.90. + g

It has recently been shown that the lattice mismatch in alternate expansion and contraction of successive layers in
strained-layer superlattices (SL's) is accommodated by the the growth direction. In the case of the SL sections of the
tetragonal distortion of successive layers of the SL' The de- present work with layer sizes 35 and 85 A. no measurable
gree of distortion is dependent on the amount of lattice mis- distortion from cubic could be seen in selected-area-diffrac-
match between the two component layers. As in previous tion patterns as is shown in Fig. I(a) (L.,L, =3S ;). The
work,' the results presented in this letter are obtained on electron diffraction patterns obtained from the superlattices
strained-layer SL crystals grown by metalorganic chemical show two distinct features. (i) Satellite peaks are seen in the
vapor deposition (MOCVD), 3 specifically on growth direction equally spaced around all the diffracted
GaAs-InGa, - ,As (x=0.27) SL's. For these SL's the lat- peaks in the pattern. These reflect the variation in composi-
tice mismatch is 1.9%, which corresponds to a strain of tion in the growth direction and are separated from the main
9.6ix 0- 3. As shown earlier4' these SL's, for layer sizes diffracted beams by a distance in reciprocal space Ag given
L ,L,:S 150 A, will operate as continuous (cw) 300-K pho- by'
topumped lasers for -5 Min (W, _ 10p A/Cm2 ) before faid [ail /(yI + k 1 + 12)].
ing, thus providing powerful evidence that the layer inter- A Ag (!)
faces for the as-grown SL are defect-free. This letter
presents, for these same high quality SL's (new samples), the where A is the wavelength of the compositional modulation
results of a transmission electron miscroscope (TEM) study and is equal to twice the layer size, h, k, I are the Miller
of specimens in which the lattice mismatch is kept constant indices of the diffracted beam, g is the reciprocal lattice vec-
but the layer size is varied from SL to SL, with the quantum tor of the diffracted beam, and a is the lattice parameter. It
wells and barriers being held equal in size (L, = L,). At can be seen from this equation that as the layer size increases,
L, =La Z 180 A dislocations are introduced at the inter- the satellite spots get closer to the main diffracted spots, and
faces, which is in reasonable agreement with theoretical con- at layer sizes ofabout 120 A become indistinguishable in the
siderations.6 present measurements. (ill As the layer size increases, the

The strained-layer GaAs-In. Ga, - As (x=0.27) SL's main diffracted beam splits into two in the growth direction.
of interest here have been grown by MOCVD as extensively This splitting increases with the order of the diffracted spot
described elsewhere.Y Unlike ordinary SL's, however, the and does not therefore result from the periodic variation in
crystals of this work have three separate SL's grown in series composition but must be crystallographic in origin. The su-
from smaller to larger size, and then from the largest size the perlatice consists of two crystal structures which give rise to
intermediate size SL and the smallest are repeated to give a the two diffracted beams in the growth direction. Dark field
symmetrical "stack" of five SL's in the entire series that are imaging using the two beams reveals alternating contrast
unwarped. Two of these SL stacks have been prepared: (a) which confirms that the different layers have different lattice

L , =L =85, 120, 180, 120, 85 . and (b) L, =L, 35, spacings. There appears to be no splitting in the growth

160, 240, 160, 35 A. plane within the accuracy of our measurements, the diffrac-
The SL crystals are prepared for examination in a Phi- tion patten indicating that the superlattice consists of two

s40TEM by sectioning (cleaving) normal to the plane of tetragonal crystal structures. The satellite peaks due to the
growth [, 100) plane] so that the layers can be imaged in cross periodically varying composition are clearly seen in the 35-4
section. The specimens are then mechanically thinned and layers in the 004 diffraction spot shown in Fig. Ila). For
ion milled to the point of electron transparency, the speci- larger layer sizes, however, the tetragonal distortion in the
men normal being the [1101 direction. As reported previous- SL becomes visible in the selected-area-diffraction pattern as
' another SL specimen with 1-A layers has shown con- a splitting in the growth direction, which is evident in Fig.

siderable departure from cubic structure. there being an IlbI (La,L, = 180 A. The satellite spots are much closer to
_ the main beam as the layer size increases. - -

'Now ai Hewlet-Packard Research Laboratones. Palo Alo. The heterointerfaces between the layers in these
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GROWTH AND CHARACTERIZATION OF AIGAs/GSAs QUANTUM WELJL LASERS

R.D. BURNHAM, W. STREFER and T.L. PAOLI
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and

N. HOLONYAK. Jr.
E1erwD Expaimnwingessearch Labotimy and Mfatwia Research Labarawy. Urnversay of Illioi at U aou-Ch-Visign. Urbmua.m
lUbms~ 61W01 USA

Quantum well heterostructure (QWH) lasers; have "nque and desirable characteriatc. A review of a variety of QWH lases.
including infrared and viibe singlet and multiple stripe devices, will be discussed. Emphasis will be on advances masde in the. last

p ~three yeams including broad bad tuning with an external grating. wavelength modirmcatioa by anneaLingAnd index-guding by
Unpwity-induced disordering.

1. Inllroducdoa

Although the first reports of semiconductor
lawes appeared in 19621[1-41, it was not until 19703.A

the implementation of lattice-matched heterostruc-
L tures (71, which were fabricated by improved crystal

growth techniques. Since the early 1970's. much5 effort has been devoted to refining both the laser
structure and crystal growth. Recently. one of is
these techniques, metalorganic chemical vapor de-
position (MOCVD), has become increasingly pop-
ular as a consequence of its versatility and econ-
omy. The chemistry of MOCVD growth of Ill-V&A
compounds was pioneered by Manasevit as early
as 1968 (81, however, it was Dupuis and Dapkus
(91 who demonstrated that high laser quality Al-
GaAs/GaAs heterostructures can be achieved by
MOCVD. MOCVD can also produce wafers of
excellent uniformity, as evidenced by lase mnea- Fig. 1. Transmnission electmon micrographm of portion of an
suremnents of threshold from various parts of a AI,Gat -. As/ AIAs/ GaAs superlattice (SL grown bv
wafer (10-121. %MOCVD). The sine of the composite AlW-Al ,Gal -As-ALA&

(x - 0.2) barriers is L, - 10Ai and for the GaAs quantum
wells L, - 90 k. The herringbone pattern of (lI 1) planes

2. Uktra-thin layers and abrupt interfaces (spacing 3.26 A) corresponding to the crystal (1001 direction
upward and (1101 normal to the figure make possible accurate

N4OCVD is also advantageous in that very layer measurements and identification of monolayer fluctua-
*abrupt interfaces and very thin layers can be grown tions in AlAs layer size at (a) and (b).

0022-0248/84/S03.00 0 Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)
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Two-Dimensional Numerical Analysis

of the

High Electron Mobility Transistor

D. Vidiger , K. Hess, and J. J. Coleman

Abstract

We develop a two-dimensional model for the High Electron Mobility Transistor

(HEMT) including conduction outside the quantum well. The model uses the

continuity and power balance moment equations for both inside and outside the

well, with electron concentration and average energy as dependent variables, and

with parameters determined by Monte Carlo simulation. We show that conduction

Outside the well is dominant in the "pinch-off" region and that consequently the

speed adizantage of the HEMT over conventional devices does not arise from hish

saturation velocities in the quantum well but rather from a lower access

-es4stance as su6essted by a velocity profile calculation. It is further

d3monstrated that several effects which are unimportant in conventional ET's"

are of significance in the HEMT. Among these effects are electronic heat

conduction and to some extent real space transfer.

Th.is work is supported by Arty Resarch Office Contract DAAG 29-.32-K-0059,
the Joint Services Electronics Program, and the Office of ,Naval Research,
,90014-75-C-0806.

The authors are with the Department of Electrical Engineering and
*ccrdinated Science Laboratory, University of :'linois, Urbana, :L 51801.
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TWO-DIMENIONAL TRANSIENT SIMULATION OF THE HIGH ELECTRON MCBILflY TRANSISTOR

Stdl er, I. C. KIzilyalli, K. Hess, and J. J. Col man

The Department o Electrical Engineering and Coordinated Science Laboratory,
University of Illinois, Urbana, IL 61601.

ABSTRACT Vi [-eunV+qft1]ASTIIACT a t yC( au*I)s
)(1

We develop a model for the High Electron
Mobility Transistor (HENT) which sizmlates and power balance and energy flux
conduction both inside and outside the au! s j.V*-nB
quantum-well subbands and includes hot electron at-
effects within the framework of average-eonergy- . -un" | (2)
dependent parameters in macroscopic transport
equations. At T7K we see significant velocity
overshoot and bulk conduction. From transient where n is the electron concentration, J is the
simulations it Is seen that the current- current density, * is the potential, i, 0, and 3
switching speed is a function of the electron are the mobility, diffusion, and energy loss

* transit time. From this we conclude that the parameters all taken as functions of the average
advantage of the excellent conduction in the energy E in a fashion similar to that of But
quantum well 4-s not in a high saturation and Frey (61, and a is a dimensionless constant

- velocity at pinch-off but rather in a low access dependent on the power-law nature of the

!-es'isance. We also conclude that for the HEMT scattering and is set to 4/3, the value for
current saturation onnot be explained in terms deformation-potential scattering. The func-

of a velocity saturation mechanism at the drain tional dependencies on E are determined from
e4ge of the xate: Finally, fro* steady-state Monte Carlo simulations under steady-state and
calculations ac 300K, we fInd that although homogeneous conditions and from experimental
velocity overshoot Is reduced, the basic effects data [7]. The power balance equation (2) is
are similar to those seen at 7K. slightly modified from that given in C51 which

assumes a Boltzmann distribution to determine -
the energy flux term (the term in brackets) by
assuming in addition a power law scattering

:aTROOUCTIO" rate.;,"'heOtransort
oThe mdel also includes transport in the

'The recently-developed High Electron quantum well by simulating a single quantum weil
'ooi"lty Transistor (HEMT) r1] is a field-effect system coexisting with the bulk system. Only

device which takes advantage of the igh tige lowest quantum subband is included in the
-oobiity, t.o-dimensional electronic system quantum system, whereas the second and higher

generated by the technique of modulation-doping quantum subbands are counted to the bulk system.
. ],r.31. This technique introduces carriers This incorporates the important properties o f
into high-purity GaAs from donor ions in an both quantum and bulk transport. The transport

acjacenz layer of klxGa_xAs, the electrons and equations are similar to those for the bulk
tons separated by the built-in heterojunction system. The two systems are coupled by assuming
potential. The spatial separation from impurity 1) local quasi-equilibrum between the quantum
-catteers and the nigh screening of the dense system and the buk system, and 2) the
elecroni: system contribute to the higher diminishing of the proportion of quantum well
*icoli.4ty. -he ;IEMT controls such a high- electrons to bulk electrons as k"T becomes
-011ity conducting layer in a fteld-effect comparable to the energy difference between the
trar.sistor arrangement. first two quantized energy .evels. We have in

addition assumed zero conduction in the AlGaAs.
The significance of transfer into the A1GaAs

THE MODEL (real space transfer C81) can be estimated from
the results for the average energy.

7. 3 accurately model transport in the HE.T A rectangular device geometry is used. The
one -.us account for the important hign-field boundary conditions at tne source and drain are
effects such as velocilty saturation, velocity assumed to be the result of the one-dimensional,
oversnoot, and negative differential resistance. equ:lbrium pr:blem. By this choice we model
7-.e todo. we have proposed [4] does tnis by ideal source and drain contacts. The potential

.Is@n "e .ol :ann moment equations of at tne gate-insulatcr interface 1s fixed at the
* cntLnul- and drift/diffusion 15" gate ;-.tertial corrected for the built-In

,.................................................................. ...... . .....
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INTERFACE STRUCTURE OF GaAsAlAs SEMICONDUCTOR SUPERLATrlCES
* PREPARED BY MOCVD
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and
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Urbanm, IL 61801, USA

Received 13 April 1984

The heterointerfaces in GaAu/AAs semiconductor superlattices grown by the MOCVD technique have been examined
on the atonc scale using high-resolution transmision electron microscopy and were found to be atomically smooth and
without defects.

1. Introduction 2. Experimental methods

Semiconductor superlattice structures are of interest Two GaAs/AlAs superlattices, with GaAs and AlAs
because of their special electronic and optical proper-. layer thicknesses of 20 and 100 A respectively, were
ties 11 -31. Electxons and holes can be confined to grown on (100} GaAs substrites using the MOCV""
two-dimensional quantum states in thin semiconduc, growth process. Slabs from such specimens were then
tor layers or at semiconductor heterointerfaces, and cleaved on (110} planes, and the two slabs were ce-
high-mobility electronic devices can be made. These mienrted together edge-to-edge in twin orientation with
quantum effects are sensitive to the detailed nature of the superlattice side in the middle as described by
the interfaces, which in turn are closely dependent on Pettit et al. [6]. After mechanically thinning to - SOO
the conditions of epitaxial growth. Metal-organic Am in thickness the specimens were ion milled to elec-
chemical vapor deposition (MOCVD) (3,41 can pro. tron transparency using a cold stage and argon beam
duce uniform epitaxia layers with atomically smooth at a low incidence angle. The superlattice structures
interfaces. The process is carried out near atmospheric were then observed in cross section. The (110} cleav-
pressure and the ultrahigh-vacuum equipment required age planes are preferred because of their ease of cleav-
for molecular beam epitaxy (MBE) [51 is not neces- age, after which the desired heterointerfaces are ori-
sary. In this report, the results of a recent study of ented edge-on. Also, it should be noted that a (1101
MOCVD superlattice structures performed by both projection is the most "open" projected structure in
conventional and high-resolution transmission electron the zincblende case: Electron microscopy was per-
microscopy are presented. These data show that the formed using a Philips EM420 microscope with a
interfaces of these superlattices are atomically smooth LaB 6 filament source and line resolution of 2 A, oper-
and defect free. ated at 120 kV.

0 167-577x/84/S 03.00 0 Elsevier Science Publishers B.V. 359
(North-Holland Physics Publishing Division)
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Conditions for Uniform Growth of GaAs by Metalorganic Chemical

Vapor Deposition in a Vertical Reactor"9

G. Costrini and J.J. Coleman

Electrical Engineering Research Laboratory, Materials Research Laboratory

Univeristy of Illinois at Urbana-Champaign, Urbana, Illinois 61801

Abstract

The uniformity of epitaxial growth of GaAs by metalorganic chemical vapor

deposition (MOCVD) in a vertical-flow rotating-disk reactor has been

investigated. Observations of the thickness of the epitaxial layer versus L

radial distance on the susceptor surface are made for various conditions of

carrier gas flow and growth temperature. A model is proposed in consideration

of hydrodynamic and thermil boundary layer effects at the susceptor surface.

The effects of a parasitic processes in the limit of smaller boundary layers . -.

and transition to source input rate-limited growth in the limit of thicker

boundary layers are described



Stripe-geometry AlGa, ...rAs-GaAs quantum well heterostructure lasers
defined by SI diffusion and disordering

K Mee~a, P. Gavnlovle, and N. Hoklyak, Jr.
* Electricawl £,sgnanaug Xewarh Ltaboeusy and Matermal Rearcht LabouamMy Unwersh of Illinois at

UrbEaa-carapi~LUrhan* Ilsais 61801

* R. D. Burnham and R. L Thornton
Xerox Palo Alm Reswech Cente. Pak Aka Ca~wlj9430a

(Reeived 4 September 1984; accepted for publication 16 October 1984)

Tbe use of Si diffusion a=d impurity-induced layer disordering. via a 531,N mask pattern to
construct stripegeometry AlaGal -. As-GaMs quantum well htotrcrelaser ion n-type
substrates is described. This leads to a convenient form of index-guided buried-heteostructure
laser that is easily constructed and replicated fin various geometries) on commonly available n-
type GaAU substrate.

Modern methods of crystal growth have made it rela- region is confined on the substrate side by an a-type
*tively easy to reali th~e basic ultuathin layered structure ofa Al, Oal _,r As in%, -S 5l 0"/cm', x* -085) layer 1- 1.2

quantum well laser.'I In some respects amore difficult matter jam) and on the top side by a -. 7um-thick p-type
is that of how to convert laterally or transversely, the Ayla,.al _.As(nms-5X 10 7/cm 3,X- 0.8)ayer. A0.8-

*layered heteroetructure into some form of stripe geometry, ism Zn-dope GaAs cap layer, on a 0.51wm Mg-doped
which is a more or less standard form for semiconductor Al, Ga,_.,As (3-0.15) transition layer ssgownontop for
laser. Possibly an ideal way to convert a layered structure metallization and current contacts.

*into a stripe geometry, or indeed into an arbitrary shape, is As with Zn-induced disordering in a pattern forming a
by impurity-induced disordering For example, Zn difful- stripe active region,' the intial wafer preparation is the
sion into an Al. Ga, -, As-GaMs quantum well heterostruc- same. A 0. 1I-#m Si3r4, masking layer is deposited on the
ture (QWH) or superlattice (SILL which can be masked,3-4  QWH wafer. Using photoresist lithography and CF4 plasma
intermixes Al and Ga, intermixes high-gap and low-gap lay- etching, we prepare a set of 24-Asm Si,N4 stripes on 20-mil
em, and increases (by the transformation of thin layers to centers. Thep-type GraAs cap, and p-type AlGa1 -.,As tran-
bulk crystal) the energy gap of initially quantum wel re- sition layer ire then selectively removed except unde the--

*gions. If this is applied to the usua QWH grown on an n-type Si3N4 stripes. These Layers are removed between the stripes
wafer, the Zn-disordered region creates a considerable la- so as not to impede the Si diffusion. After the diffuision and
teral shunt adjacent to the as-grown QWH stripe.4' This disordering, a narrow - 24jsm as-grown QWH p-type
can. of course, be avoided by the use of ap-type substrate.4 ' stripe remains; at its edges, of course, the stripe is converted
These (p substrates), however, are less common, lower in to n type by the Si diffusion (see Fig. 1).'
mobility, and less usefu for integrating other devices on the Prior to the diffusion the wafer is cleaned using a short
same substrate. For an n-type substrate with various n-type HC1 etch to remove any surface oxides and then a thin
epitaxial layers grown first and then quantum wells and p- 100A) Si layer is electron beam evaporated onto the sur-
type layers on top, the conversion of this structure to a(p
up") stripe-geometry lase requires (on its sides or edges) a Alr *Ga

donor disordering process, preferably one that can be ac- I M a IW
* complished by simple impurity diffusion. Such a disordering

process has recently been demonstrated!7 Silicon has been
* diffused into an Al. Gal -.As-GaAs SL and, where not

masked, has converted the SL to higher gap bulk crystal. Inn nn
*the present letter we describe the use of Si diffusion and layer

disordering, via a Si3N, mask pattern, to construct stripe- -

*geometry QWH laer (buried heterostructure lasers) grown
* on a-type substrates.

The double-well QWH wafer used in this work has been
*grown by metalorganic chemical vapor deposition 4-

12urnjMOCVD)1-9 and previously has been used in thermal an-
nealing and quantum well broadening experiments."0 The -

active region (see Fig. 2 of Ref. 10) consists of two L, = 85-A
GaAs quantum wells ix =-0 Al. Ga, _.,AsI that are coupled FIG. 1. Scanning electron microscope (SEMI image of an etched 24.pm.

*with an L,, =95-A Al,Ga,...As (x-0. 3) barrier. The wide Al,.Ga, ...A$.A, Gal_.,As-Al*Ga _As W -0.3, X'-.3
* wels nd arrir ae lcatd aproxmatly n th ceterof x = 01 quantum well heterostructure QWH1 lasr ipe (end viewi definedwell an barie ar loctedappoxiatey inthecener f a by Si difusion and disordenng. The as-grown ". QWI4 is shown in the

large IL: =0.23 Mm) Al, Gal, As ix' -0.301 waveguide. center l2AMmi. The Sidiffusedand disordered areas noquantum wellsi am
The quantum wells and the waveguide are undoped. This the regions converted to x type on the left and the right.



DONOR-INDUCED DISORDER-DEFINED BURIED-HETEROSTRUCTURE

AlxGal-xAs-GaAs QUANTUM WELL LASERS

K. Meehan, P. Gavrilovic, J.E. Eplera) K.C. Hsieh, and N. Holonyak, Jr.

Electrical Engineering Research Laboratory and Materials Research Laboratory

University of Illinois at Urbana-Champaign, Urbana, Illinois 61801

R.D, Burnham, R.L. Thornton, and W. Streifer

Xerox Palo Alto Research Center, Palo Alto, California 94304

Abstract

A simple form of buried heterostructure AlxGa l~As-GaAs quantum well

laser is -described that is realized by impurity-induced layer disordering

(donor-induced disordering). The layer disordering, and the resulting band-

gap shift to* higher energy (and lower index), is accomplished by Si diffusion

in a stripe pattern defined by a Si3N4 mask. Single mode lasers of stripe

width 3 Mn and 6 pn are demonstrated that operate continuously at 300 K in the

threshold current range of 10-25 mA and with single-facet power levels as high

as 10-20 mW.
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SUPERHODES OF 1ULTIPLE-STRIPE QUANTUM WELL HETEROSTUCTURE LASER

DIODES OPERATED (cw, 300 K) IN AN EXTERNAL GRATING CAVITY

J.E. Epler and N. Holonyak, Jr.,

Electrical Engineering Research Laboratory and Materials Research Laboratory

Univeristy of Illinois at Urbana-Champaign, Urbana, Illinois 61801

R.D. Burnham, T.L. Paoli, and W. Streifer

Xerox Palo Alto Research Center

Palo Alto, California 94304

The far-field supermode patterns of a phase-locked multiple-stripe ..

quantum well heterostructure (QWi) laser diode are described as a function of

injection current and emission wavelength, the latter controlled by an

external grating. The external-grating cavity is used to isolate single or

multiple supermodes of the -ultiple-stripe QWi laser (Pout > 170 mW cw,

X- 7400 A). The progression of supermode patterns consists of a discrete set

of mode configurations for each longitudinal mode of the spectrum. The

progression is cyclic with a - 2.8 A period which corresponds to the

longitudinal mode spacing of the diode. Under high gain conditions, i.e.,

near the center of the recombination-radiation spectrum or at higher current

levels, continuous tunability is observed with gradual transitions between

supermode eigenstates. As the gain is reduced (low current) the number of

*' supermodes observed decreases until only the in-phase pattern, i.e., each

- emitter at the same phase, remains above threshold. The far-field patterns

range from a double-lobe pattern with a 10* peak separation (5 pm between

* emitter phase reversals) to a narrow (< 2* full angle half power) single-lobe

* in-phase pattern. The experimental data are compared to the results of

coupled mode analysis.
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PRESSURE DEPENDENCE OF AlxGa 1 xAs LIGHT EMITTING

DIODES NEAR THE DIRECT-INDIRECT TRANSITION

R.W. Kaliski, J.E. Epler, and N. Holonyak, Jr.

Electrical Engineering Research Laboratory and Materials Research Laboratory

University of Illinois at Urbana-Champaign, Urbana, Illinois 61801

M.J. Peanasky, G.A. Herrmannsfeldt, and H.G. Drickamer

School of Chemical Sciences, Department of Physics and

Materials Research Laboratory

University of Illinois at Urbana-Champaign, Urbana, Illinois 61081

M.J. Tsai, M.D. Camras, F.G. Kellert, C.H. Wu, and M.G. Craford

Opto-Electronic Laboratory, Hewlett Packard Corporation

Palo Alto, California 94304

Abstract

High pressure studies on high quality Al Ga 1~As double heterostructurex. --.
(DH) light emitting diodes (LED's) grown by liquid phase epitaxy (LPE) are

presented. The AlxGa 1 xAs active region varies in composition from x 0.25

to -0.53, i.e., through the critical region of the direct-indirect transition

(x - xc - 0.45). The pressure coefficient of the r conduction band is

observed to decrease (. 1 meV/kbar for x - 0.25 to x - 0.53) with increasing

Al concentration, which is in accord with alloy disorder and band edge

bowing. Indirect-gap (X) recombination radiation of significant intensity is

observed and provides evidence for the high quality of the LPE diodes. High

pressure measurements, and the increase in energy of the direct band edge and

-7 ..
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HYDROSTATIC PRESSURE MEASUREMENTS (< 12 kbar) ON SINGLE-

AND MULTIPLE-STRIPE QUANTUM-WELL HETEROSTRUCTURE LASER DIODES

J.E. Epler, W. Kaliski, and N. Holonyak, Jr.

Electrical Engineering Research Laboratory and Materials.Research Laboratory

University of Illinois at Urbana-Champaign, Urbana, Illinois 61801

M.J. Peanasky, G.A. Herrmannsfeldt, and H.G. Drickamer

School of Chemical Sciences, Department of Physics and

Materials Research Laboratory

University of Illinois at Urbana-Champaign, Urbana, Illinois 61801

R.D. Burnham and RL. Thornton

Xerox Palo Alto Research Center, Palo Alto, California 94304

Short wavelength Alx,GaIx (x . 0.85, x - 0.22) quantum

well heterostructure (QWH) laser diodes (well size L. M 400 A) that operate

continuously (cw) at 300 K are subjected to hydrostatic pressure

(< 12 kbar). The emission spectrum and the light intensity versus current

(L-I) curves are monitored to determine the pressure dependence of the direct

(r) bandgap and the threshold current. The bandgap exhibits a linear pressure

dependence with a noticeable change in slope at - 4.5 kbar, similar to

previously reported results for AIXGalx As-GaAs QWH diodes. The threshold

current increases monotonically with pressure, reflecting the increasing loss

of carriers to the X- and L-bands. The short-wavelength cw limit of the

system, i.e., a gain-guided laser with a 400-A Al Ga 1.As (x - 0.22) quantum

well and no separate waveguide region, is determined to be - 6980 A.

................................................ ", *.
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Tvo-d ni~mslo al Tranalent 3imulatlon of an

Idaalized High Electrou Mobility Transistor

D. Widiger', I. C. Kizilyalli, K. Hess, and J. J. Coleman

Abstract

We develop a model for the High Electron Mobility Transistor (HEMT)

in which we include both hot electron effects and conduction outside the

quantum subband system using hydrodynamic-like transport equations.

With such a model we can assess the significance of the various physical

phenomena involved in the operation of the HE,1T. We calculate results

with a two-dimensional numerical technique for both steady-state and

transient operation. For a 3 micron device at 77K, we determine a

transonductance of 450 mS/ms, a current-switching speed of 6 ps, and a

capacitive charging speed of 4 ps per fan-out gate which corresponds to

the performance measured by other workers. We also see that electronic

heating, velocity overshoot, and conduction outside the quantum well are

significant near the pinch-off point. We conclude that the advantage of

HEMT is twofold. The excellent conduction in the quantum weLl results

in a low access resistance and the low impurity concentration in the

GaAs results in optimum overshoot effects.

The authors are with the Department of Electrical Engineering and
Coordinated Science Laboratory, University of Illinois, Urbana, IL
61801. This work is supported by Army Research Office under Contract
DAAG 29-82-K-0059, the Joint Services Electronics Program, and the . ,
Office of Naval Research under Contract N0014-76-C-0806. D. Widiger is
part of the IBM Resident Study Program.

The present address of D. Widiger is International Business Machines
120/023, 9500 Godwin Dr., Manassas, Va. 22110.
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Interface Characteristics of GaAs/AlxGal IxAs

Suplattices Grown by MOCVD

S.J. Jeng and C.M. Wayman

Department of Metallurgy and Mining Engineering and
Materials Research Laboratory

University of Illinois

and

JJ. Coleman and G. Costrini

Electrical Engineering Research Laboratory and
Materials Research Laboratory

University of Illinois
Urbana, IL 61801

Ali~IBA .o
ABSTRACT:"

The structure and quality of the heterointerf aces of AlAs/GaAs

semiconductor superlattices grown by the MOCVD technique have been

examined on the atomic scale using high resolution electron microscopy

lattice imaging. The interface of either GaAs grown on AlAs (AIxGa I _xAs)

or AlAs (AlxGal_xAs) grown on GaAs is atomically smooth and without

defects In both cases, and the Interface quality Is not degraded by

Increasing either the layer size or the Al composition.

I NTRODUCT ION: *:!

In semiconductor devices, crystalline defects can be non-radiative

recombination centers which reduce the carrier lifetime and, therefore, the

quantum efficiency In optoelectronic devices. Impurities, furthermore, can
• . 1:
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